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Preface

We dedicate this book to those who are affected by environmental hazards. We hope that this
book may be a small contribution to improving their quality of life.

Think Environment – Think Nanomaterials
- Dr. Nandita Dasgupta

This book is the third volume of Environmental Nanotechnology from its several
volumes and contains the chapters related to nanoremediation, waste water purifi-
cation, nanosensors, nanomedicine, and nanofiltration. This book also highlights the
safety aspects and risk assessment and management related to several toxins and
nanotechnology-related solution for these challenges. New nanomaterials have been
discussed from the nexus of environment, water, remediation, and total environment.
Total environment is a main factor issue to decide good health of human mankind as
well as for food and agriculture in the context of health, sustainable growth, and
efficient agro-food product development. As a consequence, novel technologies are
emerging fast, and environmental nanotechnology is one among them. In particular,
pollution issues of air and water can be solved by environmental nanotechnologists,
which include nanobioremediation, nanonutraceuticals, nanobiosensors, and nano-
degradation.

The first chapter by Agboola et al. discusses about the nanomaterials for sustain-
able environment and clean water. Then, Lupu et al. review the use of inorganic
nanomaterials in therapeutic applications of malignant diseases in Chap. 2. In
Chap. 3, Klosov and Klosova et al. explain the modification of oligomers and
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reinforced polymeric composites by carbon nanotubes and ultrasonic. Interaction of
nanomaterials with soil is reviewed in Chap. 4 by Piplai et al. Applications of
nanotechnology for water treatment are presented by Ali and Ahmad in Chap. 5.
Overview of nanomaterial-assisted technologies for denitrification processes has
been presented by Mirbagheri and coauthors in Chap. 6. Lohith et al. detail the
nanoencapsulation of food carotenoids in Chap. 7. Overview on nanomaterials for
agricultural applications has been presented by Garg and Payasi in Chap. 8. In
Chap. 9, Singh and Kumar present the effect of the interaction of nanoparticles
with roots on the uptake in plants. Hassan and Elkady describe the semiconductor
nanomaterial applications for gas sensor applications in Chap. 10.

Thanks for reading!

Lucknow, Uttar Pradesh, India Nandita Dasgupta
Kolkata, India Shivendu Ranjan
Aix-en-Provence, France Eric Lichtfouse
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Chapter 1
Nanotechnology in Wastewater
and the Capacity of Nanotechnology
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Samuel Eshorame Sanni, Sunday Ojo Fayomi, and Olawale Samuel Fatoba
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Abstract About 70% of the Earth’s surface is covered with water; unfortunately,
there is difficulty in accessing 3% of the water as freshwater that is fit for human
consumption. The paucity of safe and universal freshwater is a serious challenge
across developed, transition and developing countries due to the globalisation
processes and the ever-increasing consumer society. The dynamisms of the rising
global demand for freshwater are the growth of the world population, industrial
activities, upgrade in standards of living, altering consumption pattern and the
increase of agricultural irrigation. Furthermore, climate change, such as pollution
at elevated level, change in weather patterns, emission of greenhouse gases, defor-
estation and uneconomical use of water, are the causes of water paucity. The
invariable nature of global water paucity is the geographic and temporal dispropor-
tion between the demand for freshwater and the availability of freshwater. The
transformation in the development of novel nanomaterials, such as activated carbon,
carbon nanotubes, nanoparticles and nanofibres, is among the most stimulating and
promising innovative nanotechnologies for wastewater treatment. In this report, we
reviewed the use of nanotechnology in wastewater treatment and the capacity of
nanotechnology for sustainability. Thus, the major points are as follows: (1) nano-
technology in water treatment and remediation promises to overcome the major
obstacles to having clean freshwater, (2) sustainability of using nanotechnology to
solve the problem of water paucity of the present generation without compromising
the needs of the future generations, (3) the use of nanoadsorption technology with
different types of nanoadsorbents in order to provide new treatment capabilities,
(4) the use of nanomembranes for water treatment to allow the economic utilisation
of unconventional water sources in order to increase safe and clean water supply,
(5) patents that carefully utilise nanotechnology innovations and (6) the challenges
of using nanotechnology in wastewater treatment.

Keywords Water treatment · Nanotechnology · Nanomaterials · Nanoadsorption ·
Nano membranes · Nanoparticles · Carbon nanotubes · Nanofibre · Activated
carbon · Patents

1.1 Introduction

The provision of safe freshwater supply in an efficient manner is one of the most
recent serious global challenges. The challenge constitutes a major threat to water
paucity, health and economic growth. Furthermore, the challenge of providing
sufficient and safe drinking water is made complicated by climate change and the
pressures of economic development and industrialisation. The public and the indus-
trial sectors consume substantial amounts of freshwater while producing vast
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quantities of wastewater (Tong and Elimelech 2016). If inadequately treated, waste-
water discharges into the aquatic environment would cause severe pollution, which
would adversely impact on the aquatic ecosystems and public health
(Schwarzenbach et al. 2010). Despite of the challenge, freshwater supply is achiev-
able through new technologies. The ultimate goal of any technology should be to
improve the environment. Nanotechnology is an interdisciplinary field that strives to
manage, produce and develop novel prospect to use science, engineering and new
approaches with nanoscale invention to support humans and environmental health
(Verma and Tyagi 2016). Nanotechnology deals with dimensions and tolerances of
less than 100 nanometres, especially with the manipulation of individual atoms and
molecules. Nanotechnology has the capability of manipulating nanoparticles as
building blocks for explicit applications, which reflects an improvement in the
design and applications of materials and devices that demonstrate new and sustain-
able future. As a result of the advancement in nanotechnology, different applications
in green nanotechnology appear to be new and promising research fields. Thus, the
use of nanotechnology is enhanced by green technology (Verma et al. 2017). This
chapter reviews the use of green nanotechnology for the treatment of wastewater and
the capability of the application of nanotechnology for sustainability. The applica-
tion of nanomaterials in wastewater treatment, patents that cautiously exploits
nanotechnology innovation and the challenges of using nanomaterials in the treat-
ment of wastewater are also reviewed.

1.1.1 Green Nanotechnology

Green nanotechnology is the technology that has been employed for the develop-
ment of clean technologies. Green technology is based on the principles of green
engineering and green chemistry. The concept of green technology seeks to provide
medical help, energy, clean water and a good environment in a sustainable manner
(Basiuk and Basiuk 2015). Green nanotechnology uses nanomaterials to minimise
potential environmental and human health hazards associated with the manufacture
and use of nanotechnology products. Green nanotechnology further encourages the
replacement of existing products with new nano products that are more environ-
mentally friendly throughout nano product lifecycle. The development of
nanomaterials involves several key steps. Two most important steps are: the synthe-
sis of size and shape of controlled nanoparticles is the first key in developing
nanomaterials. Secondly, characterisation of nanoparticles is indispensable in order
to understand the behaviour and properties of nanoparticles, aiming at implementing
nanotechnology. Furthermore, characterisation of nanoparticles aims at controlling
nanoparticle behaviour and designing new material systems with super performance
(Sadiku and Sadiku 2010).

The awareness on the behaviour of nanomaterials and the new developments in
nanotechnology have undoubtedly shown the advantages of using a high surface-to-
mass ratio in heterogeneous reactions. Additionally, the tremendous capabilities of
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very small materials that are suitable to act at the molecular scale have been
discovered (de la Guardia 2014). Green technology gives emphasis on the use of
nanotechnology in order to uplift the environmental sustainability of processes that
are currently exhibiting negative effects. In addition, fabricating green products and
use them in support of sustainability will primarily help in reducing human health
and likely environmental risks (Thangavel and Sridevi 2015). This is applicable in
two different magnitudes. The first magnitude includes producing nanomaterials and
nanoproducts that can help in minimising harm to human health or the environment
(Karn and Bergeson 2009). The second magnitude includes making green
nanoproducts and using them to support sustainability by giving solutions to envi-
ronmental difficulties. These green nanoproducts are used to prevent harm from
pollutants and are incorporated into environmental technologies to remediate haz-
ardous waste site, clean up pollutant streams and desalinate water among other
applications (Hashem 2014).

1.2 Wastewater Treatment Sustainability

The continuous disposal of waste and wastewater to the environment by consumers,
municipalities and industries, as well as agricultural liquid, solid and gaseous wastes
constitutes one of the most critical threats to the sustainability of human civilisation.
This undesirable behaviour contaminates the water, land and air, thus, contributing
to global warming. With increasing population and economic growth, the treatment
and safe disposal of wastewater is very important in order to preserve public health
and minimise unbearable levels of environmental degradation. Furthermore, effi-
cient wastewater management is very essential in order to prevent water bodies from
being contaminated for the purpose of preserving the sources of clean water (Jhansi
et al. 2013). Sustainability aspires for the preservation of public and economic well-
being. Sustainability also aspires for the protection of the environment and the
judicious use of natural resources and equitable social progress, which recognises
the just requirements of all individuals, communities and the environment (Muga
and Mihelcic 2008). The new challenge of wastewater treatment is to shift the
standard from a toxic polluted water to a viable resource in the context of wastewater
treatment sustainability development. Sustainability in the context of wastewater
treatment can be defined as solving the problem of water paucity of the present
generation without compromising the needs of the future generations. Thus, sus-
tainability is the key for the reduction and prevention of the adverse effects of
environmental issues (Thangavel and Sridevi 2015). Sustainability of wastewater
treatment systems can be assessed through different assessment tools, such as exergy
analysis, economic analysis, life-cycle assessment and the use of green nanotech-
nology (Muga and Mihelcic 2008). The next section discusses the different uses of
green nanotechnology for the treatment of wastewater.
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1.3 Nanotechnology and Water Treatment

Obtaining safe drinking water has been a major scope for nanotechnology research
and development. Nanotechnologies are a part of a new industrial platform with the
capability of surpassing the existing technology-intensive systems for water treat-
ment (Olvera et al. 2017). These technologies refer to a broad range of tools,
techniques and applications that involve the uses of particles on the estimated size
scale of a few nanometres to hundreds of nanometres in diameter. Particles of this
size have some exceptional physiochemical and surface properties that advance
themselves to different uses that enable them to contribute to the solutions of the
global water problem. Nanotechnology-based solutions for a water deficiency issue
include water treatment, desalination and reuse of wastewater (Hashem 2014). The
inherent possible aspect of nanotechnology in water applications are divided into
three basic parts, viz., water treatment and remediation, sensing and detection, and
pollution prevention. Nanotechnology has the potential to positively impact on water
quality in the following aspects: water treatment and remediation with easy access
and sustainability of water resources through the use of advanced filtration materials
that enable greater water reuse, recycling and desalinisation. With respect to sensing
and detection, there is a great interest in the development of new and improved
sensors for the detection of biological and chemical contaminants at very low
concentration in water levels. This section will only focus on nanotechnology for
water treatment, remediation, sensing and detection.

1.3.1 Nanotechnology in Water Treatment and Remediation

Among the most exciting and promising pursuits in the area of nanotechnology for
water treatment is the innovations and developments of novel technologies that
employ nanomaterials to desalinate water. The advancement of nanoscience and
nanotechnology has recently shown remarkable potential for the remediation of
environmental problems (Sadegh et al. 2014). Some of these advancements employ
the smoothly scalable size-dependent properties of nanomaterials that relate to the
high specific surface areas, such as fast dissolution, high reactivity and strong
sorption. Others make use of the nanomaterial discontinuous properties such as
super paramagnetism, localised surface plasmon resonance and quantum confine-
ment effect (Rakhi et al. 2016). When compared to conventional materials,
nanomaterial adsorbents have shown significantly higher efficiency and faster
removal rate of pollutants from wastewater (Rickerby and Morrison 2007). A variety
of efficient, cost-effective and eco-friendly nanomaterials with distinctive function-
alities have been developed for possible application in the detoxification of industrial
effluents, groundwater, surface water and drinking water (Theron et al. 2008). Water
treatment usually involves the adsorption and/or photocatalysis of contaminants and
contaminant reduction by nanoparticles and bioremediation. Remediation is the
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process of pollutant transformation from toxic to less toxic in water and soil
(Ghasemzadeh et al. 2014). Hence, the remediation solution should be such that it
embraces the best practice.

Nanoadsorption Technology

Adsorption technology is a fast, inexpensive and universal technology used in
wastewater treatment. Adsorption is a surface phenomenon that is usually used as
a polishing step to remove organic and inorganic contaminants in water and waste-
water treatments. When a solution containing adsorbable solute is brought into
contact with solids that have highly porous surface, liquid-solid intermolecular
forces of attraction cause some of the concentrated solute molecules from the
solution to be deposited on the solid surface of the adsorbent. The solute retained
(on the solid surface) in adsorption processes is called adsorbate, and the solid on
which the adsorbate is retained is called an adsorbent. This surface accumulation of
adsorbate on an adsorbent is called adsorption (Rasheed 2013). An adsorption
terminology is illustrated in Fig. 1.1. The basis of separation by adsorption technol-
ogy comes from the formation of an adsorbed phase that has a composition different
from that of the bulk fluid phase. By changing the properties of the liquid phase
(e.g. concentration, temperature and pH), adsorbed species can be released from the
surface and transported back into the liquid phase. Since adsorption is a surface
process, key quality parameter of adsorbents is the surface area.

Engineered adsorbents are typically highly porous materials, with surface areas in
the range between 102 and 103 m2/g. The porosity of engineered adsorbents allows
the realisation of such large surfaces as internal surfaces constituted by the pore
walls. In contrast, the external surface is typically below 1 m2/g and therefore of
minor relevance (Worch 2012). The progress time of the adsorption process is
known as adsorption kinetics. The rate of adsorption is generally restricted by
diffusion processes near the external adsorbent surface and within the porous
adsorbent particles. Thus, the effectiveness of the conventional adsorbents is usually

Fig. 1.1 Illustration of an adsorption terminology. Adsorption occurs when molecules in a liquid
bind themselves to the surface of a solid substance. The adsorbate is accumulated on the adsorbent
surface, and surface accumulation of adsorbate on an adsorbent is called adsorption
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limited by the surface area or active sites, the lack of selectivity and the adsorption
kinetics (Qu et al. 2013). The adsorption kinetics of nanomaterials strongly depend
on the adsorbate–adsorbent interaction. Furthermore, the adsorption kinetics of
nanomaterials depend on the system conditions or parameters such as pH value,
temperature and adsorbent dose. Hence, there is a need to assess the adsorption rate
and understand the mechanism of adsorption for the design and synthesis of effective
adsorbents and for the application of adsorbents to wastewater treatment.

Nanoadsorbents can be produced by using the atoms of those elements that are
chemically active and have high adsorption capacity on the surface of the
nanomaterial (Hu et al. 2010). The classification of nanomaterials as nanoadsorbents
is illustrated in Fig. 1.2. These adsorbents have many excellent morphological and
structural properties that make them suitable to be used as effective adsorbents in
solving the problem of water paucity. Nanoadsorbents offer significant improvement
over conventional adsorbents because nanoadsorbents have extremely high specific
surface area, associated sorption sites, short intra-particle diffusion distance, tunable
pore size and surface chemistry (Rakhi et al. 2016). Adsorption process relies solely
on the adsorption coefficient Kd and the recitation partitioning of the pollutant,
i.e. heavy metals or organic pollutants under equilibrium conditions (Khajeh et al.
2013). In the aqueous environment, the factors that affect the adsorption process are
intermolecular forces, high surface area, adsorption activity, chemical activity, lack
of internal diffusion resistance and high surface binding energy (Gupta et al. 2015).

Fig. 1.2 Schematic illustration of the main nanomaterials used as adsorbents in wastewater
treatment. This includes four classes: activated carbon, carbon nanotubes, nanoparticles and
polymeric nanoadsorbents. These adsorbents have many exceptional morphological and structural
properties that qualify them to be used as effective adsorbents to treat wastewater
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The numerous types of nanoparticles for the adsorption of heavy metals include
activated carbon and carbon nanotubes, manganese oxide, graphene, zinc oxide,
magnesium oxide, titanium oxide, ferric oxides (Kyzas and Matis 2015) and poly-
meric nanoadsorbents. The importance of the application of nanoparticles and
nanostructured materials as efficient and viable alternatives to activated carbon as
adsorbents has recently increased. Factors controlling the nanoadsorbent properties
are size, surface chemistry, agglomeration state, shape, fractal dimension, chemical
composition, crystal structure and solubility (Anjum et al. 2016). Nanoadsorbents
are considered composites since they involve materials made from two or more
constituent materials with significantly different chemical or physical properties.
When these properties are combined, a material with characteristics different from
the individual components is produced.

Activated Carbon

Activated carbon is generally used to adsorb natural organic compounds (such as
unwanted taste and odour), micro-pollutant compounds and chlorine, fluorine and
synthetic organic chemicals from drinking water or wastewater. Adsorption effi-
ciency is subject to the nature of activated carbon used, operating parameters and the
composition of water. Activated carbons can be prepared from a variety of ligno-
cellulose carbon-containing materials, such as rice hulls (Masoud et al. 2016;
Ahmaruzzaman and Gupta 2011), pinewood (Pholosi et al. 2013), palm shell
(Bt Fuadi et al. 2012; Kadir and Puade 2013), coke (Zamora et al. 2000), olive
stone (Alslaibi et al. 2014; Spahisa et al. 2008; Malik 2004), sawdust (Susheela and
Radha 2015), coconut shell (Ayub and Khorasgani 2014; Alslaibi et al. 2015).
However, activated carbon used in treating wastewater is generally prepared from
sawdust, coconut shell, peat, wood char, lignin, bone char (Khalkhali and Omidvari
2005). Activated carbon adsorption has numerous applications in removing pollut-
ants from stream water, both in the field and in industrial processes, such as spill
clean-up, groundwater remediation and drinking water filtration (Susheela and
Radha 2015). Activated carbon has become the standard adsorbent for the reclama-
tion of municipal and industrial wastewaters to potable water quality (Bhatnagar and
Minicha 2006). Nonetheless, activated carbon is not effective for microbial contam-
inants, metals, nitrates and inorganic contaminants. Thus, there is a need to under-
stand the several factors that impact the capacity of the adsorption of activated
carbon. These factors govern the activated carbon’s precise physical and chemical
characteristics in order to increase activated carbon affinities regarding the elimina-
tion of microbial contaminants, metals and inorganic or organic species in water.
These factors include the specific surface area and pore-size distribution, the volume
of pores, the hydrophobicity of the compound, activated carbon surface chemistry,
and the nature and concentration of the dissolved organics.

Activated carbon is often used as pre-treatment to protect other water treatment
units, such as reverse osmosis, from possible damage (Chantharawong et al. 2017).
The combination of ozonation with activated carbon is a very efficient technique,
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used for the removal of organic matters, including micro-pollutants (Lee et al. 2009).
Activated carbon adsorption can yield between 10% and 30% removal of the total
organic carbon from the saline source water. When activated carbon is combined
with granular media filtration, the removal of organics in the pre-treatment system
may be improved to over 40%. The addition of a layer of 0.3–0.5 m (1.0–1.5 ft.) of
granular activated carbon on the top of the anthracite in gravity media is typically an
effective measure for reducing dissolved organics. The measure for reducing
dissolved organics occur during moderate and high-intensity algal blooms, to levels
that can prevent the occurrence of excessive biofouling of the downstream reverse
osmosis membranes (Voutchkov 2017). Activated carbon has difficulties associated
with heavy metals and dye removal at ppb levels. However, carbon nanotubes have
been used as nanosorbents to overcome the difficulty associated with heavy metals
and dye removal at ppb levels (Sadegh et al. 2017). The removal of benzene and
toluene from aqueous solution by multi-walled, single-walled and hybrid carbon
nanotubes was evaluated (Bina et al. 2012). The authors concluded that single-
walled carbon nanotubes showed a higher adsorption capacity for benzene and
toluene removal than that for multi-walled carbon nanotubes and hybrid carbon
nanotubes. Furthermore, between multi-walled carbon nanotubes and hybrid carbon
nanotube, hybrid carbon nanotube shows better performance for benzene and tolu-
ene removal. Hence, the physicochemical characteristics of carbon nanotubes and
the adsorbate should be investigated in order to tailor each carbon nanotubes for
specific application.

Carbon-Based Nano Adsorbents

A carbon atom can form different types of allotropes. Diamond and graphite are the
allotropes of carbon in three-dimensional structures. Carbon can also form low
dimensions such as two-dimensional, one-dimensional or zero-dimensional allo-
tropes, which are collectively known as carbon nanomaterials. Examples of such
nanomaterials are one-dimensional carbon nanotubes and 0-dimensional fullerenes
(Kaushik and Majumder 2015). The allotrope carbon nanotubes are unique nano-
structure with extraordinary electronic and mechanical properties that directly
depend on carbon nanotubes chirality and diameter (Saito et al. 1992). The excep-
tional properties become extremely attractive for adsorption, with high sensitivity,
selectivity and efficiency (Gupta and Saleh 2013). Carbon nanotubes have shown
excellent effectiveness than activated carbon on the adsorption of various organic
chemicals. The high adsorption capacity of carbon nanotubes mainly stems from the
large specific surface area and the diverse contaminate–carbon nanotube interac-
tions. The available surface area for adsorption on individual carbon nanotubes is the
external surface of carbon nanotubes (Rakhi et al. 2016). There are different types of
carbon nanotubes, and they are usually categorised as single-walled nanotubes and
multi-walled nanotubes, depending on carbon nanotube preparation procedures.

Carbon nanotubes contain a high specific surface area with highly assessable
adsorption sites. Carbon nanotubes have a very large adsorption capacity and tough
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affinity to a wide variety of organic pollutants, and the process is affected by the
physicochemical characteristics of both the adsorbent (carbon nanotubes) and the
adsorbate (environmental pollutants) (Ma and Agarwal 2016). The different param-
eters that affect the adsorption capacity of carbon nanotubes are molecular size
(Wang et al. 2009), aromaticity (Yang et al. 2006), configuration (Pan et al. 2008)
and hydrophobicity (Gotovac et al. 2007). The hydrophobic surface of carbon
nanotubes allows them to form loose bundles or aggregates in aqueous medium,
which reduces the active surface area. These aggregates have high-energy sites for
the adsorption of organic contaminants in water (Pan et al. 2008). The adsorption of
bulky organic contaminants by carbon nanotubes occurs as a result of the availability
of large pores in bundles and the availability of high accessible sorption sites in the
carbon nanotubes (Ji et al. 2009). The availability of different adsorption sites on
carbon nanotubes is determined by the molecular size of organic compounds. The
molecular structure such as aliphatic and aromatic, the molecular volume and the
presence of different functional groups strongly affect the interactions of the adsor-
bates with carbon nanotubes (Yang et al. 2008; Wang et al. 2010). An example was
the investigation done on the adsorption mechanism for the removal of lead from
water by using carboxylic functional group (COOH), functionalised on the surface
of carbon nanotubes. High removal efficiencies were observed and were attributed to
the strong affinity of lead, to the physical and chemical properties of the carbon
nanotubes (Atieh et al. 2010).

Organic removal by carbon nanotubes is better than activated carbon for the
removal of various organic waste chemicals. In the aqueous phase, carbon nanotubes
form loose bundles or aggregates due to the hydrophobicity of the carbon nanotubes’
graphitic surfaces, thereby reducing the effective surface area (Pan et al. 2008).
These aggregates contain interstitial spaces and grooves that have high absorption
energy for organic molecules (Yang and Xing 2010). Activated carbon possesses
comparable measured specific surface area as carbon nanotube bundles. Activated
carbon, however, comprises a significant number of microspores that are inaccessi-
ble to bulky organic molecules, such as many antibiotics and pharmaceuticals (Yang
et al. 2008). Thus, carbon nanotubes have a considerably higher adsorption capacity
than activated carbon for some bulky organic molecules because of carbon
nanotubes’ larger pores in bundles and the more accessible sorption sites (Zare
et al. 2015). The major shortcoming of activated carbon is its low adsorption affinity
for low molecular weight polar organic compounds. Carbon nanotubes strongly
adsorb many of these polar organic compounds due to the diverse contaminant
and carbon nanotube interactions, including hydrophobic effect, π–π interactions,
covalent bonding, hydrogen bonding and electrostatic interactions (Chen et al. 2007;
Yang and Xing 2010). The π electron-rich carbon nanotube surface permits π–π
interactions with organic molecules with C¼C bonds or benzene rings, such as poly-
aromatic hydrocarbons and polar aromatic compounds (Zare et al. 2015; Chen et al.
2007).

Solution chemistry, such as pH, ionic strength and the presence of natural organic
compounds, also affect the interactions of carbon nanotubes (Zhang et al. 2009a).
The change in pH in a solution has the capacity to activate the protonation–
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deprotonation transition of the functional groups on a carbon nanotube surface and
the ionisable contaminants. The change in pH will in turn cause a series of conse-
quences, such as the formation of water clusters on the carbon nanotube surface
(Zhang et al. 2011a, b). Furthermore, the ionic strength of the solution will affect the
adsorption process through charge neutralisation (Zhang et al. 2011a, b) and cation
bridging effects (Li et al. 2002). Lots of emerging contaminants are weak acids or
bases. The chemical speciation of weak acids or bases, such as weak acid vs. ionised
conjugate base or weak base vs. ionised conjugated acid, depends on weak acids or
bases, acid dissociation constant (Ka) and solution pH (Ma and Agarwal 2016). With
the novel confirmations proposed, new intermolecular forces can be involved in the
adsorption of ionised compounds onto carbon nanotubes as a result of charge
assisted molecular forces (e.g. charge assisted hydrogen bonding) (Teixido et al.
2011).

Functionalisation can be induced to the carbon nanotube surface through oxida-
tion. Oxidised carbon nanotubes have high adsorption capacity for metal ions with
fast kinetics. The first type of functionalisation usually involves oxidation by using
acids or oxidants, triggering carboxyl groups to functionalise the defects and the
ends of the carbon nanotubes (Lu and Chiu 2006). The adsorption capacity onto the
surface of carbon nanotubes increased with the pH of the system, from acidic to
alkaline. Thus, pH is one of the most important factors that affect the sites of
dissociation of carbon nanotubes, hydrolysis, complexation and the precipitation
of metal ions. The surface functional groups of carbon nanotubes (carboxylic acid,
hydroxyl and carbonyls) absorb metal ions through electrostatic interactions and
chemical bonding (Peng and Liu 2006; Liu et al. 2012a, b). Surface electrostatic
interactions in solution also influence the sorption properties of materials in order to
entrain environmental contaminants on the carbon nanotube sidewalls (Tavallai et al.
2012). Surface oxidation can therefore enhance significantly the absorption capacity
of carbon nanotubes. Numerous investigations have shown that carbon nanotubes
are better adsorbents for heavy metals (e.g. Cu2+, Pb2+, Cd2+ and Zn2+) than does
activated carbon (Lu and Chiu 2006; Lu et al. 2006; Li et al. 2003). The adsorption
kinetics is fast on carbon nanotubes due to the highly accessible adsorption sites and
the short intra-particle diffusion distance (Qu et al. 2013). Carbon nanotubes may not
be a good alternative for activated carbon as wide-spectrum adsorbents. However,
since the surface chemistry of carbon nanotubes can be tuned to target specific
contaminants, they may have unique applications in polishing the steps to remove
recalcitrant compounds or in the pre-concentration of trace organic contaminants for
analytical purposes. These applications require a small quantity of materials and are
hence less sensitive to material cost (Qu et al. 2013).

Nanoparticles

Nanoparticles can be produced from large structures of top-down approach by the
use of ultrafine grinders, lasers and vaporisation, followed by cooling. For complex
particles, nanotechnologists usually prefer to fabricate nanostructures by the bottom-
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up approach. The bottom-up approach is done by arranging molecules to form
complex structures with new and useful properties (Samanta et al. 2016).
Nanoparticles used as adsorbents for the removal of heavy metals must satisfy the
following standards: (1) they must not be toxic, (2) they should have high adsorption
capacity, (3) they should have the ability to adsorb pollutants in less concentration
(ppb), (4) the adsorbed pollutants should be easily removed from the adsorbent
surface and (5) they should be recyclable numerous times (Cloete 2010). Further-
more, the process should be reversible in order to get back the adsorbent. When
nanoparticles, e.g. nanosized zero-valent irons are used as adsorbents, they aid in the
separation of pollutants from water. Nanosized zero-valent irons also help to catalyse
the chemical or photochemical oxidation process for the effective destruction of
persistent contaminants (Nowack 2008). Research has shown that nanoparticles
represent a new generation of environmental remediation technologies that can
provide cost-effective solutions to some of the most challenging environmental
clean-up problems. The following sub-sections will discuss the different types of
nanoparticles used in wastewater treatment.

Metallic Nanoparticles

The term metallic nanoparticle is used to describe nanosized metals with dimensions
(length, width or thickness) within the size range 1–100 nm. Metal nanoparticles
have attracted a great attention over the last two decades as a result of the unique
characteristics that metal nanoparticles possess when compared to other bulk metal
equivalents. Metal nanoparticles’ characteristics include large surface-area-to-vol-
ume ratio, large surface energies and tunable shapes. In order to control the proper-
ties of nanoparticles with respect to a particular shape, size and dispersity are
imperative since they will determine the activity in the desired application (Campelo
et al. 2009). Metal nanoparticle-based water treatment technologies are recently
being pursued, and products have come out in the market (Daniel et al. 2014). The
following sub-sections will review the application of metallic nanoparticles for
wastewater treatment.

Silver Nanoparticle

Silver nanoparticles account for more than 23% of all nanoproducts. The wide
application of the silver nanoparticles results in their inevitable release into the
environment. Silver nanoparticles are recognised as excellent antimicrobial agents,
and they can thus be used as substitute disinfectant agents. On the other hand, the
release of silver nanoparticles can pose a threat to naturally occurring microorgan-
isms (Zhang 2013). Silver nanoparticles can be prepared by various methods,
including chemical reduction, electrochemical techniques and photochemical reduc-
tion (Sharma et al. 2009). Among these synthetic methods, chemical reduction is the
most commonly used. However, toxic compounds, such as borohydrides, are usually
involved. Studies have focused on green synthesis approaches in order to avoid the
use of hazardous materials (Zhang 2013).
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Wastewater contains a number of microorganisms that leads to the fast spread of
diseases in humans and animals. Silver nanoparticles are known to possess antimi-
crobial properties against more than 700 microorganisms and are one of the wider
spectra of antimicrobial agents. Silver nanoparticles target the microorganisms in
more than three mechanisms; hence the microbes are unable to create mutations to
exhibit resistance (Sironmani and Daniel 2011). The release of silver nanoparticles
into domestic and industrial waste streams is unavoidable (Benn and Westerhoff
2008; Dobias and Bernier-Latmani 2008; Reidy et al. 2013), considering the high
rate of use. The silver nanoparticles released can potentially cause adverse effects on
the microbial communities in biological wastewater treatment systems due to the
silver nanoparticles’ antimicrobial properties. Hence, the release of silver
nanoparticles or other forms of silver into the environment is a potentially serious
issue. Considerable attention has been paid to the adverse effect of silver
nanoparticles since the boom in the application of silver nanoparticles in consumer
products (Sheng et al. 2015). Several investigations have been carried out
concerning the release of silver from different sources, including paints (Kaegi
et al. 2010) and textiles (Benn and Westerhoff 2008; Geranio et al. 2009). Some
models have also been developed in order to predict the fate of silver in the
environment (Gottschalk et al. 2009; Walser et al. 2011). A key measurement
challenge in these investigations is to distinguish between nanoparticulate silver
and silver ions. However, analytical methods, such as inductively coupled plasma
mass spectrometry in the standard mode of operation and elemental analysis can
confirm the presence of silver but cannot distinguish its form if the measurement is
not preceded by a separation technique, such as ultracentrifugation. Again, methods
such as transmission electron microscopy and other particle-sizing approaches have
the difficulty of finding low concentrations of particles. In distinguishing between
specific nanoparticles and background particles, combinations of transmission elec-
tron microscopy and energy-dispersive X-ray offer one approach but are time-
consuming and costly (Reidy et al. 2013).

Silver nanoparticles are being evaluated to form antifouling membranes to be
used in ultrafiltration processes (Mauter et al. 2011). The silver nanoparticles’
intrinsic ability to kill microorganisms has recently been used against multidrug-
resistant microbes and biofilm-forming bacterial cells (Sanyasi et al. 2016). Biofilm-
forming microbes are not like normal microorganisms since they form a hardened
cyst, which is difficult to act upon. Silver-nanoparticle-based polymeric membranes
prevent such biofilm formation. Such antifouling membranes are essential in waste-
water treatment (Daniel et al. 2014). Silver nanoparticles were recently loaded as
silica adsorbents for the removal of pollutants and pathogens in wastewater. The
pathogens were inactivated by silver nanoparticles loaded with silica by wet impreg-
nation. The adsorbent prepared has potential against Escherichia coli and was
described through Chick, Chick-Watson and Homs inactivation kinetic models.
Concentration of 500 ppm of the adsorbent prepared showed complete inhibition
with the shouldering or lag curve of inactivation and with k’ values of 0.019 min�1.
After treatment, tannery, dairy and canteen effluents showed significant chemical
oxygen demand reduction with a maximum adsorption capacity of 145, 142 and
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69 mg/g, respectively. Regeneration of the spent adsorbent via alkali washing is a
possibility and can be reused up to three cycles (Thamilselvi and Radha 2017). Silver
nanoparticles have therefore, shown great potential for water purification and effec-
tiveness for bacterial filtration.

Zero-Valent Iron Nanoparticles

Zero-valent iron is an elemental metallic iron that acts as a bulk reducing agent,
converting oxidised materials, which may be toxic and soluble in water, into
immobile solid forms, thereby releasing soluble Fe2+ in their place, and it further
oxidises to Fe3+. Such characteristics permit the use of zero-valent iron for an
effective and reliable reduction of waterborne contaminants. Zero-valent iron
nanoparticles are the most commonly used nanoparticles for the removal of heavy
metal, owing to the high reactivity of zero-valent iron nanoparticles. Since they can
be synthesised easily and are inexpensive, zero-valent iron nanoparticles are the
most preferable (Daniel et al. 2014). The nanoscale zero-valent iron was reported as
an ideal candidate for in situ remediation because of the nanoscale zero-valent iron
large active surface area and high heavy metal adsorption capacity (Zhu et al. 2009).
Nano-sized zero-valent iron is considered as an effective adsorbent and ideal tech-
nology for the in situ remediation of heavy-metal-contaminated groundwater
(Yaacob et al. 2012). Nano-sized zero-valent iron has been reported to be an ideal
candidate for the in situ remediation of arsenic-contaminated groundwater (Kanel
et al. 2005; Kanel et al. 2006). Nano-sized zero-valent iron can also be a promising
material for arsenic removal from drinking water as a result of the large active
surface area and high arsenic adsorption capacity of nano-sized zero-valent iron
(Zhu et al. 2009). However, adsorption has been reported as the most widely used
technique for arsenic removal due to the numerous advantages of the process, which
includes relatively high arsenic removal efficiencies (Singh and Pant 2004; Mohan
and Pittman 2007), cost-effectiveness (Anjum et al. 2011), easy operation and
handling (Jang et al. 2008) and no sludge production (Singh et al. 2015). Nonethe-
less, adsorption of arsenic intensely depends on the system’s concentration and
pH. At low pH, arsenate adsorption is favoured, whereas for arsenite, maximum
adsorption can be obtained between pH 4 and 9 (Lenoble et al. 2002; Nicomel et al.
2016).

The nano-zero-valent iron is capable of exchanging toxic substances to nontoxic
materials. The nano-zero-valent iron can be used to promote the reduction and
precipitation of toxic and carcinogenic metals such as chromium(VI) to the more
stable form of chromium, Cr(III) (Blowes et al. 2000). The entrapment of nanoscale
zero-valent iron in chitosan beads for hexavalent chromium removal from wastewa-
ter was investigated by Liu et al. (2010). The nano-sized zero-valent iron was
successfully entrapped in chitosan beads for the reduction of Cr(VI) from wastewa-
ter. The mechanism of the removal may include both physical adsorption of Cr
(VI) on the surface or inside of chitosan-nano-sized zero-valent iron beads, followed
by the reduction of Cr(VI) to Cr(III). The free amino groups and hydroxyl groups on
chitosan may contribute little to hinder the formation of Fe(III)-Cr(III) precipitate.
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Entrapment of nano-sized zero-valent iron in chitosan beads prevents the particles
from aggregation and oxidation. The results indicate that there is no significant
difference between the reaction rates of bare nano-sized zero-valent iron and
entrapped nano-sized zero-valent iron. Cr(VI) reduction kinetics follows a pseudo-
first-order rate expression. The study of the authors demonstrated that the entrapment
of nano-sized zero-valent iron in chitosan beads has the potential to become a
promising technique for in situ groundwater remediation. Adsorption of Cr
(VI) followed the pseudo-first-order kinetics. Another study investigated the reduc-
tive immobilisation of chromium in wastewater by nanoscale zero-valent metal
prepared from steel pickling waste liquor. The effects of pH, buffer substances,
natural organic matter and hardness were evaluated in order to probe the impact of
environmental factors. Removal of Cr(VI) benefited from a decrease in pH value and
the presences of buffer substances and Ca2+. Natural organic matter was found to be
suppressive on the activity of zero-valent iron, coupled with the effect of Ca2+, and
the additive effect of natural organic matter was due to the non-interference of
natural organic matter when operating under acidic condition. The nano-sized
zero-valent iron was proven to be more effective (up to 40.6-fold) than zero-valent
iron and nanoscale zero-valent iron for Cr(VI) removal. The removal efficiency of
nano-sized zero-valent iron in wastewater was 182� 2 mg g�1. The results indicated
that nano-sized zero-valent iron was promising for the in situ remediation of Cr
(VI) (Feng et al. 2011). Hence, nanosized zero-valent iron is considered an effective
adsorbent and ideal technology for the remediation of metal ions in polluted water.

Mixed Oxide-Metallic Nanoparticles

Nanoparticles can be synthesised from oxides of various metals, such as titanium,
iron, copper, zinc, manganese, magnesium, silica and aluminium. The combination
of two metal oxides can be either a simple mechanical mixing involving weak van
der Waals forces or a chemical possessing chemical linkages of the two types of
metal oxide. The physicochemical properties of using a chemical possessing chem-
ical linkage combination will be entirely different from the simple combination of
individual oxides (Verma et al. 2013). Metal elements have a distinctive property to
form oxides with a large variety of structural and electronic properties (Kaushal and
Singh 2017). Mixed oxide nanoparticles exhibit high dielectric, ferro and pyroelec-
tric properties. The synthesis of nanometre-scale mixed oxide particles, such as
spinel ferrite (Khedr et al. 2006; Xu et al. 2009), Fe3O4 as pigment (Meng et al.
2005; Lie et al. 2017) and titanium-based mixed oxide (Klink et al. 2012), has been
reported for their extraordinary magnetic, electrical and conducting properties. Metal
oxide nanoparticles show higher extent of adsorption as compared to normal-sized
oxide due to metal-ligand precipitation or the formation of ternary ligands (Stietiya
and Wang 2014).

Mixed oxide nanoparticles containing titanium, silicon and aluminium of
between 8 and 15 nm size range synthesised by using a combined sol-gel-hydro-
thermal method was recently used as a novel adsorbent for the removal of rhodamine
6G and methylene blue as cationic dyes from aqueous solution (Pal et al. 2016). The
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dye removal abilities of the nanoparticles from aqueous solutions were tested for
different cationic dyes. All the mixed oxide nanoparticles revealed high and fast
adsorption of cationic dyes, but the particles containing titanium and silicon turned
out to be the best. The adsorption kinetics and equilibrium adsorption behaviour of
the adsorbate-adsorbent systems can well be described by the pseudo-second-order
kinetics and Langmuir isotherm model, respectively. Estimated thermodynamic
parameters revealed that the adsorption process was spontaneous and was driven
mainly by the electrostatic force between the cationic dye molecules and the negative
charge on the nanoparticle surface. The highest dye adsorption capacity
(162.96 mg MB/g) of the mixed oxide nanostructures containing titanium and
silicon was associated to their high specific surface area and the presence of surface
silicon-Oδ-groups. The following sub-sections will review the application of mixed
oxide-metallic nanoparticles for wastewater treatment.

Titanium Oxide (TiO2) Nanoparticle

Titanium oxide is preferred in anatase form, owing to its great photocatalytic
activity. Titanium oxide is nontoxic and photochemically stable with high specific
area. Titanium oxide has a more negative conduction band edge potential, such as
higher potential energy of photo-generated electrons, and is relatively inexpensive.
The performance of titanium oxide for certain technical applications is dominantly
affected by its crystallite size, phase structure, surface area, impurity (dopant) type
and concentration (Khajeh et al. 2013). The reactivity of titanium oxide
nanoparticles in the removal of malachite green as model pollutant dye was reported
by Abou-Gamra and Ahmed (2015). The adsorption isotherm of titanium oxide
nanoparticles indicated an adsorption capacity of 6.3 mg∙g�1. The value of enthalpy
change (ΔH�) for malachite green dye adsorption was 19 kJ/mol, which indicated
the fact that the removal process was endothermic. The adsorption process followed
a pseudo-second order rate equation, and the negative values of standard free energy
(ΔG�) suggested that the adsorption process is spontaneous.

Luo et al. (2010) confirmed the high absorption capacity, recovery and reuse of
TiO2 nanoparticles for the removal of As(III) from copper smelting industries’
effluent wastewater. They found a reduction of 59 � 79 μg LG1 of As(III) at pH
7 after 21 consecutive treatment cycles using regenerated TiO2 containing
3890 � 142 mg LG1 As(III) in the polluted water. Visa and Duta (2013) developed
a substrate by hydrothermal processing from fly ash coated with TiO2 and investi-
gated its influence on the adsorption capacity of Cu2+, Cd2+,
1-hexadecyltrimetylammonium bromide and dodecylbenzenesulfonate from syn-
thetic wastewater. They observed that the results indicate parallel adsorption of
heavy metals and surfactants from mixed solutions. The investigation of these
authors shows that the fly ash-TiO2 substrate allows the efficient simultaneous
removal of heavy metals and surfactant, resulting in treated waters that respect the
discharge regulations. Visa, Duta and Andronic (2015) synthesised and tested the
adsorption properties of a novel nanocomposite obtained using the hydrothermal
method applied to a fly ash-TiO2 slurry and hexadecyl trimethyl-ammonium

16 O. Agboola et al.



bromide as surface controlling agent. They found that the nanocomposite substrate
allowed reaching high removal efficiencies of multi-pollutant synthetic wastewaters,
above 90%, both in adsorption and in photodegradation experiments, in optimised
conditions. Hence, investigations have shown that titanium oxide is a type of
nanoparticles that has been widely used as a powerful and efficient adsorbent for
the removal of metal ions and surfactants from polluted water.

Iron Oxide (Fe3O4) Nanoadsorbents

In nature, iron oxides exist in many forms, such as magnetite (Fe3O4), maghemite
(γ-Fe2O3) and hematite (α-Fe2O3). The utilisation of iron-oxide-based nanomaterials
with novel property and functionality has been widely studied due to the small size,
high surface area and excellent magnetic property they possess (Oh and Park 2011).
The use of iron-oxide-based nanomaterial is more attractive for the removal of heavy
metal contamination from water due to some important features, such as small size,
high surface area and the magnetic property that they possess (Teja and Koh 2009;
Liu et al. 2012a, b; Warner et al. 2012). In addition, iron oxide nanomaterials with
low toxicity, chemical inertness and biocompatibility show tremendous potential in
combination with biotechnology (Huang et al. 2003; Gupta and Gupta 2005). Iron-
oxide-based nanomaterials also offer minimal diffusion resistance with surfaces that
can be modified with organic molecules, inorganic ions or some functional groups.
The modification causes iron-oxide-based nanomaterial surfaces to have good
potential for removing heavy metals. Nano-sized iron oxide particles exhibit super
paramagnetism, an additional special property from common nanoparticles (Kaushal
and Singh 2017). Magnetism is a distinctive physical property that independently
helps in water purification by influencing the physical properties of contaminants in
water (Xu et al. 2012). The combination of adsorption process and magnetic
separation has been used extensively in water treatment and environmental clean-
up (Mahdavian and Mirrahimi 2010). The magnetic property of iron oxide
nanoparticles enables the easy separation of adsorbents from the system due to
their low cost, strong adsorption capacity and enhanced stability. They can be reused
for further application since the reusability of iron-oxide-based nanomaterials leads
to a decrease in economic burden (Dave and Chopda 2014).

Some researchers have investigated the use of iron oxide nanomaterials at the
laboratory and field tests for removing contaminants from wastewater (White et al.
2009; Girginova et al. 2010). Iron oxide nanomaterials are presently being used for
organic contaminant adsorption, principally for the efficient treatment of large-
volume water samples and fast separation by using a strong external magnetic
field (Mahdavian and Mirrahimi 2010). A lot of laboratory experiments have been
conducted in order to examine the removal efficiency of organic pollutants by using
iron oxide nanomaterials for organic pollutants (Luo et al. 2011; Hu et al. 2010; Pan
et al. 2012; Kumar et al. 2016). It has thus been recommended that Fe3O4

nanosorbents were effective and were economical adsorbents for the rapid removal
and recovery of metal ions from wastewater effluents (Xu et al. 2012). Nevertheless,
aggregation caused by high surface area-to-volume ratios of nanomaterials can
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control a number of important environmental processes, including ion uptake
(Baalousha 2009). Furthermore, the numerous interactions that occurred in waste-
water also affect the adsorption of metals. The type of contaminants and the two
mentioned factors have now become a hot research field because they can restrict the
efficiency of nanosorbents and the exploration of highly effective methods of
modification of nanomaterials for enhancing the efficiency of nanosorbents. For
example, carbon-coated Fe3O4 nanoparticles (Fe3O4/C) was applied as solid-phase
extraction sorbents for the extraction of trace polycyclic aromatic hydrocarbons from
environmental water samples (Zhang et al. 2010a). Fe3O4/C sorbents possess high
adsorption capacity and high extraction efficiency due to the strong adsorption
ability of carbon materials and the large surface areas of nanoparticles. Adsorption
attains equilibrium rapidly, and analytes are eluted with acetonitrile readily. Salinity
and solution pH have no obvious effect on the recoveries of polycyclic aromatic
hydrocarbons, which avoids fussy adjustment to water sample before extraction. The
advantages of surface modifications of nanoparticles are (1) the provision of oxida-
tive stability by preventing them from oxidation and (2) the selective and specific
uptake of heavy metal ions by providing specific reaction sites and functional
groups. The functional groups, –COOH, –NH2, –OH, –SH, etc., provide active
sites for the exchange of metal ions. Chemical interactions, such as chemical binding
and complex formation, and physical interactions such as electrostatic and Vander
Waal’s interactions and the combination of modified ligand, are responsible for the
adsorption of metal ions on the adsorbent surface (Wang et al. 2012). The review on
the use of iron oxide nanoparticles as nanoadsorbents has shown the way to a new
class of separation approaches for wastewater treatment. Hence, the future for
nanoadsorbents based on iron oxide nanoadsorbent appears to be a very promising
nanotechnology for the removal of organic pollutants from wastewater and pollut-
ants from other polluted media.

Zeolite Nanoparticles

Zeolites are a class of materials with ordered micro-pores of less than 2 nm. Zeolites
can be used for gas separation, catalysis and adsorption. Zeolites are low-density
crystalline aluminosilicates that have regular one-, two- and three-dimensional
micro-pores with well-defined pore sizes and shapes. When the well-defined struc-
tures of zeolites are combined with the hydrophilic/hydrophobic and porous nature
of zeolites, the resultant materials become useful shape-selective molecular sieves
and hosts for various guest molecules, such as organic and inorganic (Rahim et al.
2012). Efforts have recently been made in the preparation of zeolites with nanometre
dimensions with enhanced accessibility of reactant molecules in order to achieve
higher product yield and selectivity in catalytic reactions or fast diffusion in adsorp-
tion and ion-exchanged processes (Valtchev and Tosheva 2013; Mintova et al.
2013). Furthermore, zeolite nanoparticles with a size smaller than 200 nm can be
stabilised in suspensions with different concentrations that are colloidal-stable and
do not agglomerate with time (Mintova et al. 2013).
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Zeolitic imidazolate frameworks are a subclass of metal organic frameworks with
zeolite or zeolite-like topologies, which have numerous extraordinary features, such
as chemical robustness and thermal stability (Park et al. 2006). There are various
types of zeolitic imidazolate framework materials, but zeolitic imidazolate
framework-8, a tetrahedral framework formed by zinc ions and imidazolate ligands
with sodalite topology, is the most widely studied (Wu et al. 2007). Researchers have
carried out extensive work on the synthesis zeolitic imidazolate framework-8 for
adsorption in wastewater treatment (Lin and Chang 2015; Wu et al. 2014; Liua et al.
2015). Zeolitic imidazolate framework-8 has been used as an attractive sorbent for
arsenic removal because of the ultrahigh porosity, high chemical stability and
hydrophobic nature of zeolitic imidazolate framework-8. The feasibility of the
adsorptive removal of arsenic by zeolitic imidazolate framework-8 nanoparticles
was systematically investigated by Jiana et al. (2015). The synthesised zeolitic
imidazolate framework-8 nanoparticles exhibited a high surface area of 1063.5 m2/
g and were of between 200–400 nm in particle size. The kinetics and isotherm data of
arsenic adsorption on zeolitic imidazolate framework-8 were well fitted by pseudo-
second-order and Langmuir models, respectively. The maximal adsorption capaci-
ties of As(III) and As(V) at T ¼ 25 �C and pH 7.0 were of 49.49 and 60.03 mg/g,
respectively. The zeolitic imidazolate framework-8 nanoparticles were stable at
neutral and basic conditions. Zeolitic imidazolate frameworks have also been used
for the removal of phthalic acid and diethyl phthalate from aqueous solutions, via
adsorption (Khan et al. 2015). The adsorption capacity of the zeolitic imidazolate
framework-8 for phthalic acid was considerably higher than that of a commercial
activated carbon or other typical metal–organic frameworks. Due to the surface
area, the pore volume of the adsorbents showed no favourable effect on the adsorp-
tion of phthalic acid. Thus, the remarkable adsorption with zeolitic imidazolate
framework-8 suggests a specific favourable interaction (electrostatic interaction)
between the positively charged surface of zeolitic imidazolate framework-8 and
the negatively charged phthalic acid anions. In addition, acid-base interactions
also have a favourable contribution in the adsorption of phthalic acid. The contri-
bution is based on the adsorptive performances of pristine and amino-functionalised
metal-organic frameworks and the adsorption over zeolitic imidazolate framework-
8 at acidic condition (pH ¼ 3.5). These assessments showed that zeolite
nanoparticles are promising adsorbents that recently found broad application in
wastewater treatment.

Nanocatalysts

Nanocatalysts are also effective in removing contaminants from wastewater due to
their unique physical and chemical characteristics. Owing to nanocatalysts’ high
surface-to-volume ratio and shape-dependent properties, nanocatalytic substances,
such as zero-valent metal, semiconductor materials and bimetallic nanoparticles, are
extensively used in water treatment. The properties of nanocatalysts are a result of
the increase in nanocatalyst catalytic activity at the surface (Samanta et al. 2016).
The catalytic activity enhances the reactivity and degradation of environmental
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contaminants, such as organochlorine-based pesticides, halogenated herbicides, azo
dyes, polychlorinated biphenyls and nitro aromatics (Zhao et al. 2011).
Nanocatalysts, specifically those made from inorganic materials, such as semicon-
ductors and metal oxides, are gaining considerable attention in the treatment of
wastewater. The most common kinds of nanocatalysts that have been used for
wastewater treatment are (1) photocatalysts (Dutta et al. 2014), (2) Fenton-based
catalysts (Kurian and Nair 2015) for improving the chemical oxidation of organic
pollutants (Ma et al. 2015) and antimicrobial actions (Chaturvedi et al. 2012) and
(3) electrocatalysts (Tung et al. 2013). Here, photocatalysts was discussed as one of
the most promising technologies for wastewater treatment.

Heterogeneous photocatalysis has established its worth toward meeting the
challenges posed by cost-effective wastewater treatments. Despite the massive
number of pollutants that have been the subject of investigation of photocatalytic
treatment, knowledge on the photo-initiated advanced oxidation processes for the
conversion of hazardous emerging chemical substrates, introduced to the water
ecosystem, is still incomplete (Martínez-Huitle and Andrade 2011). A nanotechnol-
ogy approach can be used to harness the photocatalytic capabilities of titanium
dioxide (TiO2), the most extensive catalyst investigated in the past decades
(Lu et al. 2016). TiO2 produces an electron/hole (e�/h+) pair upon absorbing an
ultraviolet photon, which later either migrate to the surface and form reactive oxygen
species or undergo undesired recombination. The photo activity of nano-TiO2 can be
improved by optimising particle size and shape, reducing e�/h+ recombination by
noble metal doping, maximising reactive facets and surface treatment in order to
enhance contaminant adsorption (Qu et al. 2013). The size of TiO2 contributes a
significant part in its solid-phase transformation, sorption and (e�/h+) dynamics.
Among the crystalline structures of TiO2, rutile is the most stable for particles larger
than 35 nm, while anatase, which is more efficient in generating reactive oxygen
species, is the most stable for particles smaller than 11 nm (Fujishima et al. 2008).
When particle size is reduced to a few nanometres, surface recombination domi-
nates, thereby decreasing photocatalytic activity. Thus, the photocatalytic activity of
TiO2 has a maximum, owing to the interplay of the mechanisms producing an
electron/hole (e�/h+) pair upon absorbing an ultraviolet photon, which lies in the
nanometre range (Qu et al. 2013). However, heterogeneous photocatalysis, using the
industrial mass product TiO2, was recognised as an advanced oxidation process that
offers an important advantage over other existing oxidative technologies: it does not
require the use of hazardous oxidative substances, such as hydrogen peroxide or
ozone. Furthermore, TiO2, which is preferably not consumed due to TiO2 usage as a
catalyst, is non-toxic, chemically stable and highly photocatalytically active and
inexpensive (McCullagh et al. 2011). The photocatalytic and adsorption abilities of
the TiO2-adsorbent nanocomposites prepared via a facile wet chemical method were
investigated by using Methylene Blue as the model pollutant (Zhang et al. 2010b).
Synergistic effects between adsorption and photocatalysis were observed with the
assistance of visible light irradiation, and all TiO2-adsorbent nanocomposites
achieved higher Methylene Blue removal rates than the adsorption process alone.
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The hybrid process of activated carbon adsorption-heterogeneous photocatalytic
oxidation has also attracted a lot of attention. Studies have been done with simple
mixtures of activated carbon (or other adsorbents) and photocatalysts (Matos et al.
2007; Gulyas et al. 2009; Baransi et al. 2012). Investigations have also been carried
out with TiO2 (or other semiconductor photocatalysts), coated on activated carbon
(Tryba et al. 2003; Zhang et al. 2005; Ao et al. 2008; Gu et al. 2010; Delmas et al.
2014). The interaction observed in the photocatalytic oxidation-activated carbon
combination process is usually measured in terms of the synergy factor, the ratio of
the photocatalytic oxidation rate constant in the presence (kPCO_AC) and the absence
(kPCO) of activated carbon, as shown in Eq. 1.1. (Xu, 2011; Gulyas et al. 2013):

SF ¼ kPCO AC

kPCO
ð1:1Þ

The purpose for the synergy is the short diffusion pathways for organic molecules
from the adsorbent to the photocatalyst particles, which directly stick to the activated
carbon (Lim et al. 2011). The synergetic effect has been explained by the formation
of a common contact interface between the different solid phases, in which activated
carbon acts as an efficient adsorption trap for the organic compounds
(Andriantsiferana et al. 2015). Hence, the pollutant is then more efficiently shifted
to the TiO2 surface (Wang et al. 2007). Furthermore, synergy factors for the
photocatalytic oxidation-activated carbon hybrid process can be associated to the
interfacial areas between activated carbon and photocatalyst particles as the synergy
rises with an increase in the interface contact between TiO2 and activated carbon
(Gulyas et al. 2013). Nonetheless, when the contact area exceeds 50% of the total
surface of the photocatalyst, the synergetic effect decreases (Matos et al. 2009). Due
to the unmanageable diversity of visible light photocatalysts, comparative investi-
gations with respect to stability and photocatalytic efficiency are urgently needed in
order to identify the most promising candidates (Gulyas 2014). However, innovative
photocatalysts and nanophotocatalyst-adsorbent composites should be researched
and tested for their long-term stability. Improving contaminant adsorption through
the modification of the photocatalyst surface is one route for enhancing
photocatalytic activity due to the short life time of reactive oxygen species; thus,
the aspect of photocatalytic activity of nano-TiO2 should also be succinctly
researched.

Polymeric Nanoadsorbents

Polymeric nanoadsorbents are synthetic adsorbents, with characteristics such as
porosity, pore structure and the nature of its adsorbing surfaces. Polymer-based
nanoadsorbents are one of the most important recent developments in sample
pre-treatment processes. Organic polymers as a system into which inorganic nano-
sized materials can be inserted for improving their chemical, mechanical and very
good thermal stability over a wide range of pH and sorption properties are now in
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use. Furthermore, organic polymer as a bed or template for synthesising and growing
nanoparticles is being considered among the adsorbents of interest (Khajeh et al.
2013). Nanopolymer spheres can also be listed as desirable adsorbents for separation
purposes. Polymer-based nanoadsorbents have been extensively employed in the
solid phase extraction to pre-concentrate various metal and organic contaminants.
Organic compounds can be adsorbed by the interior hydrophobic shells, whereas
heavy metals can be adsorbed by the tailored exterior branches (Khajeh et al. 2013).
For example, Fe3O4 magnetic nanoparticles were modified with
3-aminopropyltriethoxysilane and copolymers of acrylic acid and crotonic acid as
polymer shells were prepared for the removal of metal ions. The utilisation of a
polymer shell restrained inter-particle aggregation and enhanced the dispersion
stability of the nanostructures. The polymer-modified magnetic nanoparticles effec-
tively removed metal ions such as Cd2+, Zn2+, Pb2+ and Cu2+ from the aqueous
solution with high maximum adsorption capacity at pH 5.5. Such nanoadsorbent is
reusable, in at least four cycles (Ge et al. 2012).

A highly efficient bioadsorbent for the removal of anionic compounds such as dye
from textile wastewater by preparing a combined chitosan-dendrimer nanostructure
was produced (Sadeghi-Kiakhani et al. 2013). The bioadsorbent is biodegradable,
biocompatible and nontoxic. Removal rates of certain dyes, up to 99%, was
achieved. A polymeric hybrid sorbent (ZrPS-001) was also fabricated for the
improved sorption of metal ions such as lead, cadmium and zinc ions from the
aqueous solution by impregnating Zr(HPO3S)2 (i.e., ZrPS) nanoparticles within a
porous polymeric cation exchanger D-001. The negatively charged groups bound to
polymeric matrix D-001 resulted in a pre-concentration and permeation enhance-
ment of target metal ions prior to sequestration. These nanoparticles are expected to
sequester heavy metals through an ion-exchange process (Zhang et al. 2008). The
most obvious advantages for polymer-inorganic nanoscale hybrids are good adsorp-
tion capacity and good chemical stability in a wide pH range due to the ease of
functionalisation through different polymeric units, such as epoxide and epoxy.
Furthermore, regeneration and reuse of the polymer inorganic nanoscale hybrid
adsorbents is more responsive than that of solo nanoparticle sorbents. Although
polymeric nanoadsorbents are outstanding materials for the removal of metal ions
from water/wastewater, with respect to their structures, pore sizes and tunable
functional groups, however, the ability to make selective for a given pollutant is
still a mission (Kunduru et al. 2017). The adsorbing capacities of these materials are
rather low, and regeneration is required and at a high cost (Pan et al. 2008). Research
still needs to be done to be able to make polymeric nanoadsorbents selective for a
given pollutant, putting into consideration the regeneration, reuse and cost of
polymeric nanoadsorbents.
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1.4 Nanomembranes

Nanomembranes can be defined as filters with free-standing structure of thickness in
the range of 1–100 nm, which separate liquids and gases at the molecular level. Such
membranes are made from organic polymers, combined with a mesh of
nanoparticles. The size of the pores in the mesh prevents or permits the passage of
differently sized molecules. Being quasi-2D, they display a host of rare properties
that are useful for various applications in energy harvesting, sensing, optics,
plasmonic, wastewater treatment, biomedicine, etc. Other notable characteristics
include the formation of nanoparticle fillers into the nanomembrane scaffold,
nanomembrane surface sculpting and modification through patterning. Further nota-
ble characteristics include the formation of nano porous arrays and the introduction
of ion channels, similar in function to those in biological nanomembranes (Jaksi and
Matovic 2010). Such dimensions make them a hybrid between micro and nano
systems since their thicknesses remain nanometric with their lateral dimensions.
Molecularly designed at the nanometre-scale level, by using membranes such as
polymers, offers a great potential for high selectivity and high fluxes (Kumar et al.
2014). Nanoscale control in the fabrication of membrane can yield membranes of
great selectivity and low-cost wastewater treatment.

In order to understand the effects of the pore size and the pore shape of the
nanomembrane or the modified pore surface, the likely osmotic flow and the electric
field variability within nanopores is very important. The combination of these
parameters controls the flux of macromolecules through nanopores (Stroeve and
Ileri 2011). Nanomaterials can serve as the basis for new nanomembrane processes
based on passive diffusion or active transport. New materials may also be used in
conjunction with membranes in order to create new nanomaterial-membrane reactors
(Wiesner et al. 2007). The recent progress in nanotechnology combined with the
membrane separation process has been recognised as a feasible and effective
approach for enhancing the performance of the membrane, with its synergistic
effects for water and wastewater treatment (Pendergast and Hoek 2011). Thus,
advances in nanomembrane technologies have given immeasurable facilities and
opportunities to purify water, even at the ionic levels. Subsequent sub-sections
review the description of the various innovations in nanomaterial-based membranes
used for water purification in order to protect the environment.

1.4.1 Carbon Nanotube Composite Membranes

Due to the high specific surface area, high mechanical strength, excellent chemical
inertness and outstanding water-transport property of carbon nanotubes, carbon
nanotubes have received widespread interests in the construction of new composite
membranes for water treatment applications (Das et al. 2014; Lee and Park 2016). As
a result of the high bacterial adsorption capacity possessed by carbon nanotubes,
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research studies have revealed their applications as an efficient adsorbent or
nanofilters for the removal of pathogens. In addition, intensive research efforts are
currently focusing on the functionalisation of carbon nanotubes in order to develop a
biosensor for the detection of pathogens (Lichtfouse et al. 2012). Considering the
fact that carbon nanotubes possess antimicrobial properties, the biosensor will have
the capacity to concentrate and detect pathogens, adding to the selective differenti-
ation of bacterial strains ascribed to the recognition properties of biomaterials. Thus,
carbon nanotubes are gaining considerable interest in the development of treatment-
based and sensor-based applications in the water and wastewater treatment industries
(Lichtfouse et al. 2012). The blends of carbon nanotubes mixed matrix membranes
are used for the fabrication of improved disinfection or antifouling membranes. The
main disadvantage for the production of carbon nanotubes blended mixed matrix
membrane is the solubilisation problem that occurs during the preparation of the
casting solution with carbon nanotubes. Carbon nanotubes are insoluble in water and
organic solvents, and thus they affect the large-scale fabrication of mixed matrix
membranes (Ajayan 1999). Carbon nanotubes have been recommended to be
functionalised with polymer groups so that they become structurally similar to the
bulk polymer matrix, and then carbon nanotubes get dispersed in polymer to ensure
homogenous membrane properties (Lin et al. 2007). For example, Majeed et al.
(2012) modified polyacrylonitrile membranes with hydroxyl functionalised carbon
nanotubes via a phase inversion process, and they discovered that the mechanical
stability and the transport properties of the modified membranes were clearly
enhanced by the introduction of carbon nanotubes. Likewise, Yang et al. (2016)
fabricated functional polymer brush grafted carbon nanotube-polyethersulfone
membranes via a phase inversion process. The resulting composite membranes
showed enhanced anti-fouling ability, antibacterial activity and toxin removal abil-
ity, which might satisfy diverse separation and purification needs. Yin et al. (2013)
also demonstrated that the integration of oxidised carbon nanotubes into polysulfone
membranes can synergistically advance permeability and anti-fouling ability.

The specially aligned carbon nanotubes are of special interest for the fabrication
of carbon nanotube membranes. The pore diameter has distinct effects on the
transportation of water through the membranes that consist of aligned carbon
nanotubes (Das et al. 2014). Well-aligned carbon nanotubes can serve as robust
pores in membranes for water desalination and decontamination applications
(Elimelech and Phillip 2011). The hollow carbon nanotube structure offers friction-
less passage of water molecules, and this makes them appropriate for the advance-
ment of high fluxing separation techniques. Suitable pore diameters can constitute
energy barriers at the channel entries, thereby rejecting salt ions and permitting water
to pass through the nanotube hollows (Corry 2008). The diffusion of water mole-
cules through hollow carbon nanotubes is a highly coordinated movement and can
be well described by the ballistic motion of water chains (Striolo 2006). The density,
pore architectures and thickness of carbon nanotubes, significantly affect the mor-
phology of membrane, water permeability and the ability of the carbon nanotube
membranes to desalinate. Membrane thickness and water permeability inversely
relate with each other (Zhu et al. 2008). Hence, increasing membrane thickness
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decreases water flux and selectivity. Therefore, noble observation is very essential in
order to grow aligned carbon nanotubes by a suitable membrane synthesis process.
Carbon nanotube membranes have demonstrated possible potentials to resolve water
problem since they play significant roles in water passage, permeability and anti-
fouling ability.

1.4.2 Nanoparticle-Based Membranes

Numerous developments have been made in the investigations of nanoscale struc-
tures for the treatment of wastewater. The advancement of particles at the nanoscale
level has contributed extensively to the production, modification and shaping of
structures that were used in different applications, viz., industrial, health and envi-
ronmental (Seitz et al. 2011; Bhattacharya et al. 2013). Nanoparticles can be
incorporated in the field of membrane science in order to improve the performances
of membrane; as a result of nanoparticles convenient operation and mild conditions.
Several investigations have been conducted in order to increase the hydrophilic
properties of the polysulfone membrane surface. These studies can be divided into
three categories, i.e. the blending of polysulfone with hydrophilic nanoparticles such
as SiO2, ZrO2 and TiO2; grafting with hydrophilic polymers, monomers or func-
tional groups; and coating with hydrophilic polymers (Yanan et al. 2007). Blending
provides the benefit of preparing artificial membranes with outstanding separation
performance, good thermal and chemical resistances and adaptability to withstand
the harsh wastewater environments (Maximous et al. 2009). Metal nanocomposite
membranes can remediate two types of fouling, viz., membrane fouling as a result of
organic matter and biofouling (Richards et al. 2012). Past studies have examined the
efficiency of Ag, TiO2, Al2O3 and ZrO2 nanoparticles as membrane fillers for
wastewater treatment. Zodrow et al. (2009) established that the incorporation of
silver nanoparticles into polysulfone ultrafiltration membranes exhibited antimicro-
bial properties toward a variety of bacteria, including Escherichia coli K12, Pseu-
domonas mendocina KR1 and the MS2 bacteriophage. Nanosilver incorporation
also increased membrane hydrophilicity by reducing the potential for other types of
membrane fouling.

Studies of nanotechnology have suggested that improved membrane performance
can be attained when nanoparticles are used for photocatalytic water contaminant
degradation, which are very stable under ultraviolet light and in the presence of
reactive oxygen species. Applying ozone as pre-treatment generally indicates a
reduction in membrane fouling (de Velasquez et al. 2013), especially in cases
where ozonation caused a significant degradation of influent biopolymers and/or
colloidal natural organic matters (Barry et al. 2014). The unrecycled TiO2

nanoparticles in water can also lead to environmental problems (Song et al. 2012).
A substitute to this process is to immobilise TiO2 by blending it with polyvinylidene
difluoride in the membrane casting solution in order to prepare organic-inorganic
composite membranes (Cao et al. 2006). The method incorporates membrane
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separation and photocatalytic degradation into a single operation. The pre-treated
membrane will have the capability to degrade natural organic matter and decrease
membrane fouling during the ultrafiltration process under ultraviolet light. The TiO2

hybrid membrane was investigated for its photocatalytic efficiency in the destruction
of Escherichia coli (E. coli) as a model bacterium under ultraviolet light illumination.
The photocatalytic bactericidal destruction was remarkably high for the TiO2 hybrid
membrane under ultraviolet illumination (Kwak and Kim 2001). TiO2 can be
physically blended into the casting solution with polyvinylidene difluoride and
polyethylene glycol in order to fabricate TiO2-doped polyvinylidene difluoride
-polyethylene glycol membranes. The TiO2-doped polyvinylidene difluoride-
polyethylene glycol membranes exhibit small pore sizes, increased hydrophilicity
and anti-fouling abilities in preliminary tests (Song et al. 2012). Although TiO2 is
excitable under visible and ultraviolet light, TiO2-doped polyvinylidene difluoride-
polyethylene glycol membranes have shown improved self-cleaning ability, anti-
bactericidal properties and anti-fouling abilities under ultraviolet light exposure.

1.4.3 Ceramic Membranes

Ceramic membranes are presently receiving substantial interest as nanomembranes
for wastewater treatments due to their numerous properties, such as high mechanical
strength, thermal stability, high flux, lower life-cycle cost and resistance to corrosive
environments. Ceramic membranes have the capability of experiencing higher feed
water recoveries. Ceramic membranes operate with more efficient backwash oper-
ations by using high pressures, operate at extended backwash intervals and have low
chemical cleaning requirements while experiencing long membrane life without
breakage. Ceramic membranes are becoming cost-competitive with conventional
polymeric membranes for water and wastewater applications and have a strong
potential for drinking water treatment (Lehman et al. 2008). However, they usually
need relatively high initial investment cost when compared to polymeric membranes
when they are used in a water treatment process. Thus, the life cycle cost analysis
should be performed in order to evaluate its economic feasibility if ceramic mem-
branes are considered to be applied in a water treatment plant (Xing et al. 2013).
Depending on their pore sizes, ceramic membranes can be classified as
(1) microfiltration, (2) ultrafiltration, (3) nanofiltration, (4) reverse osmosis,
(5) pervaporation, (6) gas separation or (7) ceramic membrane reactors. Oxides
such as Al2O3, TiO2, ZrO2, SiO2 and their combinations are some of the common
ceramic membrane materials (Park et al. 2015). Thin ceramic membranes are
difficult to fabricate and to handle due to their brittleness. Therefore, composite
ceramic filtering cells are frequently used for microfiltration and ultrafiltration. The
composite cell is typically made up of two or more layers with different pore
diameters. The ceramic filtering cell with a membrane coating consists of a
macroporous substrate with thickness of one to several millions or one or several
thin microporous membrane layers (Komolikov and Blaginina 2002). Substrates are
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constructed by utilising metal oxide powders, to which binders and plasticisers are
added, and the resulting mixture is compressed, extruded or slip cast (Cortalezzi
et al. 2002). The metal oxide particles are deposited on the support layer and sintered
to form a chemically attached membrane skin. The pore size of a membrane is,
therefore, determined by the size of the deposited particles (Yu et al. 2003; Zhang
et al. 2009a, b) and by the sintering conditions employed (Jones et al. 2001; Choi
et al. 2007). The pore diameter of the membrane layer should match to the size of the
particle subjected to separation. Hence, the fact that the separation layer on the
ceramic membrane should be porous and thin is very important while still ensuring
that the layer covers the membrane surface completely in order to attain high
permeability. The preparation of ceramic membranes by using metal oxide
nanoparticles gives additional functionalities that can catalyse reactions in order to
degrade foulants under oxidisation conditions. With respect to functionalities,
ceramic membrane materials provide considerable opportunities for the fabrication
of nanoparticle-based membranes. Casting nanoparticles onto ceramic materials
yields more nanoscale pore sizes than the conventional sintering of ceramics
(DiGiano 2008). One vital factor to note is that an increase in the catalytic properties
of ceramic membranes, fabricated with catalytic nanoparticles, is postulated under
extreme chemical conditions. However, the concern about optimising functional
membranes still has stirred interest in fabricating conditions and expanding their
functionalities (Kim and Van der Bruggen 2010).

1.4.4 Nanofiber Membranes for Water Purification

Nanofibres are unique nanomaterials as a result of the nanoscaled dimensions in the
cross-sectional direction and the macroscopic length of the fibre axis they possess.
The characteristics of nanofibre are shown in Fig. 1.3 (Matsumoto and Tanioka
2011). As a result of very fine dimensions and high surface-area-to-volume ratio of
nanofibres, they are ideal materials for a variety of high-value applications, including
filtration, composites, protective textiles, optical and chemical sensing, photovoltaic
cells, tissue engineering and drug delivery (Zander et al. 2016). Electrospinning is a
novel technology commonly used for the fabrication of nanofibre articles with
diameters less than 100 nm (Li and Xia 2004). The composition of the nanofibre
material can be controlled in order to attain desired properties and functionality
(Botes and Cloete 2010). Nanofibre formation thickness and its morphology devel-
opment by electrospinning are influenced by various process parameters, such as
distance between the syringe needle tip to the ground collection plate and electric
potential at the capillary tip. Furthermore, spinning conditions such as solution
temperature, humidity, surface tension and air velocity in the electrospinning cham-
ber, solution properties and solution concentration also influence nanofibre forma-
tion (Wang and Hsieh 2004; Wang 2007). Owing to the characteristics of high
surface area to volume, fine fibre diameters and small pore sizes, nanofibre mem-
branes represent ideal candidates for next-generation microfiltration materials. The
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functionalities of the nanofibre membranes are dependent on their nanoscaled size,
high specific surface area and high molecular orientation (Matsumoto and Tanioka
2011). The functionalities can be controlled by fibre diameter, the internal structure
of the nanofibres, surface chemistry and topology. Additional properties that make
nanofibre membranes ideal candidates are high flexibility and surface modification
capability (Balamurugan et al. 2011). Electrospun membranes can overcome some
limitations such as low flux and high fouling due to the physical structure of the
pores and size distribution owing to the highly interconnected and asymmetric nature
of the pores (Wang et al. 2005). Recently, the use of nanofibres in wastewater
treatment has been explored, and it has shown great potential as a replacement
material for commercial membranes (Zander et al. 2016). JilíIek et al. (2017)
fabricated self-sustained electrospun polyurethane nanofibre membranes, and the
membranes were tested on a direct-contact membrane distillation unit in an effort to
find the optimum membrane thickness to maximise flux rate and minimise heat
losses across the membrane. Furthermore, salt retention and flux at high salinities up
to 100 g/kg were evaluated. The highest flux was achieved with the thinnest
membranes, and the best energy efficiency was achieved with the thickest mem-
branes. All membranes had salt retention above 99%.

Though nanofibre is a promising material used in treating wastewater, the
mechanical strength of the nanofibres limits their application in real life. For
example, studies have proven the superior mechanical performance of electrospun
nanofibres; however, problems persist with low tensile strength and young moduli,
hence mechanical instability (Huang et al. 2004; Hansen et al. 2005; Greiner and
Wendorff 2008). The problems can be mainly ascribed to the low degree of

Fig. 1.3 Characteristics of nanofibre membranes with the nanoscaled dimensions in the cross-
sectional direction and the macroscopic length of the fibre axis. The functionalities of the nanofibre
membranes are dependent on their nanoscaled size, high specific surface area and high molecular
orientation (Adapted from Matsumoto and Tanioka 2011)
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orientation and chain extension of the polymer chains along the fibre axis (Yao et al.
2014). However, some efforts have been made recently to overcome these mechan-
ical restrictions. Novel high-performance polyamide, polyacrylonitrile and
polyvinylidene fluoride nanofibres were recently fabricated using industrial produc-
tion Nanospider equipment for liquid filtration as microfilters. A feasible approach in
preparing mechanically strong nanofibre web work was developed. The mechanical
strength of the nanofibres was improved using the special lamination technique on a
supporting layer (Yalcinkaya 2017). The author found that the mechanical strength
of the nanofibres enhanced more than five times, while high porosity and liquid
permeability were retained. The separation results indicated that nanofibres have a
potential to be used in liquid filters once the mechanical limitations have been
overcome.

The increase in mechanical properties of polyvinyl alcohol nanofibre mats via
physical crosslinking with solvent vapor treatment using organic solvents; dimethyl
sulfoxide; N, N-dimethyl formamide; and methanol was recently studied. The
authors observed that the tensile strength increased by over 60%, 90% and 115%
after solvent vapor treatment with N, N-dimethyl formamide at a temperature of
40 �C for 2 h, 4 h and 8 h, respectively, compared with untreated polyvinyl alcohol
nanofibres. In addition, Young’s modulus of polyvinyl alcohol nanofibre mats also
increased after N, N-dimethyl formamide treatment (Rianjanu et al. 2018). As a
comparison, dimethyl sulfoxide and methanol were also used in solvent vapor
treatment because of the differences in their polymer solvent affinity. Results
showed that the highest improvement (100%) in mechanical strength was obtained
using N, N-dimethyl formamide. Their study showed that solvent vapor treatment
offers a simple and inexpensive method that provides excellent results and is a
promising alternative treatment for use in increasing the mechanical properties of
electrospun nanofibres (Rianjanu et al. 2018). Though the shortcoming of the
mechanical restriction can be overcome, however, a three-dimensional nanofibre
membrane network assembly offers good mechanical properties and good handling
characteristics (see Fig. 1.3). Nonetheless, properties of the nanofibres, such as
electrical and optical properties, including mechanical properties, depend on the
intrinsic properties of a polymer and the internal structure of the fibres.

1.5 Patent and the Industries Providing Nanotechnology
Products

Inventions in the advancement of novel nanotechnologies for the treatment of
wastewater are among the most thrilling and seem to be promising technologies.
The influence of nanotechnology on the economy can be measured through intel-
lectual property activities as a result of the dynamic importance of securing innova-
tions and technological interests (Hashem 2014). However, several types of
intellectual property protection can administer innovations associated to
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nanotechnologies; the most important intellectual property right will be patents
(Seear et al. 2009). Normally, the initial stage to bring any given novel technology
to society is through the patent system (Olvera et al. 2017). Furthermore, industrial
facilities have provided incentives to develop novel nanotechnologies and improve
the performance of existing technologies (Tansel 2008). Some patented work and
industrial efforts are discussed here in order to have a deeper insight into the inherent
societal benefits of the use of nanotechnologies in wastewater treatment. There are,
however, no precise methods to determine the social impact of a nanotechnological
breakthrough (Olvera et al. 2017).

1.5.1 Patents on Nanoparticles for Its Applications
in Wastewater Treatment

Saien (2010) patented the use of TiO2 for the treatment of refinery wastewater. The
patent was related to a photocatalytic reactor system and photo-degrading method
used for eliminating organic and high molecular oil contaminant (or pollutants) from
industrial wastewater. The invention was highly efficient, is compatible with the
environment and does not require secondary or additional treatments. The invention
has an industrial interest as the method used is considered an alternative or syner-
getic process for biological degradation, having high residence times, which is
required to provide significant carbon oxygen demand removal. Girgis and Aziz
(2013) patented the use of nano alloys (ZnFe2O4 alloy, Co-Ni-B alloy, MnFe2O4,
ZnMn2O alloy) in wastewater treatment by introducing a new nanotechnology
technique based on nanoparticles for wastewater treatment with an efficiency of up
to 94%. The addition of these nanoparticles to the wastewater adsorbed all the dye
and heavy metal elements. Ortashi et al. (2017) patented a method of preparing metal
nanoparticles from fungi; the method includes the preparation of a biomass from
fungal cells. The method was done by providing an aqueous solution, including a
metal salt; mixing the biomass of fungal cells with the aqueous solution of metal salt;
and incubating the resulting mixture at a temperature range of 35 �C to 60 �C to
produce the metal nanoparticles. EL Badawi, Esawi and Ramadan (2014) invented
an asymmetric composite membrane containing a polymeric matrix and carbon
nanotubes within a single membrane layer. The carbon nanotubes are oriented within
the polymeric matrix, and the composite membrane was formed by phase inversion.
This invention was also related to a method for producing the composite membrane,
which includes coating a surface with a film of a polymer solution containing a
polymeric matrix, and carbon nanotubes dissolved in at least one solvent. The coated
surface was immersed in a non-solvent to affect solvent and non-solvent demixing,
resulting in phase inversion to form a carbon nanotube-containing membrane, and
optionally removing the carbon nanotube-containing membrane from the surface.
The invention was also related to a desalination method using the composite
membrane.
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1.5.2 Patents on Nanofibres for Its Applications
in Desalination

Ensor et al. (2008) patented a filtration device together with a filtration medium
having a plurality of nanofibres of diameters less than 1 micron formed into a fibre
mat in the presence of an abruptly varying electric field. The filtration device consists
of a support attached to the filtration medium and having openings for fluid flow
therethrough. The device used for making a filter material was an electrospinning
element configured to electrospin a plurality of fibres from a tip of the
electrospinning element. A collector opposed to the electrospinning element was
configured to collect electrospun fibres on a surface of the collector, and an electric
field modulation device was configured to abruptly vary an electric field at the
collector at least once during the electrospinning of the fibres. The method offers a
support having openings for fluid flow and electrospins nanofibres across the whole
openings. The invention abruptly varies an electric field at the collector at least once
during the electrospinning of the fibres. Furthermore, the invention controls the
electrospinning conditions in order to produce polymer nanofibres with an average
fibre diameter of 100 nm and less. Nanofibres less than 200 nm have been found to
improve the filtration properties of the resultant fibre. Kas et al. (2013) invented a
composite liquid filtration platform together with a composite filtration medium
featuring an electrospun polymeric nanofibre layer collected on a porous membrane.
When in use, the porous membrane acted as a prefilter that was used in an upstream
from the polymeric nanofibre layer to remove particles from a liquid stream flowing
through the composite filtration structure. The nanofibre layer that was positioned
downstream from the porous membrane was used as the retentive layer for critical
filtration in order to provide biosafety assurance. The stage of the process is
responsible for capturing microorganisms like bacteria, mycoplasma or viruses.
The composite liquid filtration platform exhibited permeability advantages over
conventional porous membranes or nanofibre mats spun on coarse non-wovens.

1.5.3 Companies in Collaboration with U.S. Patents

Apart from the innovation developed by researchers, companies in collaboration
with U.S. patents have also developed novel nanotechnologies and improved the
performance of existing technologies for wastewater treatment. In 2011, VeruTek
technologies, Inc., received notice of U.S. patent allowance for environmental
remediation and wastewater treatment product (Green-nano Zero valent iron). The
product is a high-performing catalyst developed in collaboration with the
U.S. Environmental Protection Agency. The product is ideal for a broad range of
remediation applications, including treating produced water generated during oil and
gas and other chemical production processes. green-nano zero-valent iron works
more efficiently than conventional iron catalysts, significantly increasing the rate of
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oxidant activity, and it can be used under a wide range of conditions (Nanowerk
2011). Wetworks, a modular wastewater treatment plant, combines complete bio-
logical treatment via a moving bed bioreactor and U.S. patented nano-coated flat
sheet ceramic membrane filtration, all packaged within a single international orga-
nisation for standardisation container for a superior wastewater treatment at reduced
operating and maintenance costs. Wetworks is a reliable, efficient and highly cost-
effective wastewater treatment, unlike traditional wastewater treatment systems
(Wetworks 2013).

Furthermore, there are companies that have developed novel nanotechnologies
for wastewater treatment. A Mexican company, Carbotecnia, specialises in the
development and marketing of activated charcoal for the treatment of household
water, in industry and commerce. The company offers high-tech equipment for water
treatment using different techniques, including nanofiltration. Additionally, the
company provides technical advice for equipment and treatment plant installation
and other services (Carbotecnia 2014). Nano Sun in Singapore has been developing
chemical and membrane-based water treatment technologies. They offer advanced
industrial wastewater management solutions with an integrated, comprehensive and
professional approach. Nano Sun incorporated various nanomaterials into mem-
branes, which enable traditional membranes to possess multifunctional features
such as anti-fouling through self-cleaning disinfection, degradation of organic pol-
lutants and energy production (Nano Sun 2017).

1.6 Challenges

Literature on the benefits of nanotechnology has recently increased, but discussions
on the potential effects of nanotechnology’s extensive usage in consumer and
industrial products is just beginning. There are challenges with the newness of
nano-applications in the treatment of wastewater and with concerns regarding the
potential impact of nanomaterials on health and the environment. Some extensive
applications related to nanotechnology have an equally widespread potential to
harmfully affect human health and the environment through the various exposure
routes of nanoparticles (Curran et al. 2007) and occupational exposure (Boccuni
et al. 2008). With the rapid rate of development in the area of nanotechnology and
the attracting rate of publicity, concerns have been raised over the safety of
nanomaterials in a variety of products. Granted that some alarms may not have
been proven, the fact still remains that the toxicology of many nanomaterials has not
yet been fully assessed. Existing data suggest that some nanomaterials can cause
adverse health effects, but these data are too limited to draw conclusions (Tuccillo
et al. 2011). Nonetheless, chemical residual that remains during wastewater treat-
ment, forms a variety of known and unknown by-products, through reactions
between the chemicals and some pollutants (Simate et al. 2012). Prolongedexposure
to these by-products through the ingestion of drinking water, inhalation and body
contact during regular indoor activities, such as: showering, bathing and cooking,
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may pose some cancer risks and non-cancer risks to human health. For instance,
residual aluminium salts in treated water can result to Alzheimer’s disease. Existing
information on the toxicity of carbon nanotubes in drinking water is limited, with
many open questions, despite their potential impact on human health and the
environment, since carbon nanotubes have been receiving increasing attention
(Acton 2012).

Nonetheless, the exceptional properties of nanomaterials have made them attrac-
tive for a substantial number of innovative, sustainable and green nanotechnology
applications. In this regard, it is very vital that the scientific community, society and
the industry take due advantage of nanotechnology prospects while overcoming its
challenges. Nevertheless, not all innovatory changes are really sustainable, and a
careful evaluation of the benefits that address the economic, social and environmen-
tal implications, together with the impact on occupational health and safety, is
crucial (Bauer et al. 2008; Hutchison 2008). Particularly, the impact of nanotech-
nology on occupational health and safety should be carefully addressed. Addressing
the impact should be done by putting into consideration the expected extensive use
of nanotechnology and the likelihood of the subsequent increase of the exposure of
nanomaterials in both living and occupational environments. Furthermore, obstacles
in nano-manufacturing and handling and uncertainty regarding the stability of
innovative nanotechnology under aggressive or long-term operation should be
addressed. The lack of information with respect to the release and fate of
nanomaterials in the environment, together with the limited knowledge concerning
the nanomaterials’ toxicological profile, further supports the need for a careful
consideration of the health and safety risks associated with nanomaterial exposure
(Lavicoli et al. 2014). In such a situation, responsible green nanotechnology devel-
opment for wastewater treatment needs cautious consideration of the possible
lifecycle impact of nanomaterials on health and the environment. Furthermore,
ongoing investigations need to include the identification of the metrics to be used
in toxicology studies and how to conduct experiments at environmentally relevant
concentrations.

1.7 Conclusions

The objective of green nanotechnology in water treatment is to make use of the
attractive physico-chemical and functional properties of nanomaterials that are
energy-efficient, as well as economically and environmentally sustainable for
treating wastewater. Nanotechnology will certainly play numerous roles in solving
issues concerning the shortage of water and water quality in areas relevant to the
treatment of water. The relevant areas include different separation processes and the
reactive media for water filtration and the application of nanomaterials and
nanoparticles in water disinfection and remediation. Thus, nanotechnology offers
the potential to establish and develop water remediation processes in a better and
more sustainable manner and eventually as close to a zero-emission approach as
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possible. While a lot of attention has been focused on the development and the
potential benefits of nanomaterials in wastewater treatment processes, concerns have
been raised with regard to their potential impact on human health and environmental
toxicity. Nanotechnology can offer effective solutions to many pollution-related
problems such as heavy metal contamination, the adverse effects of chemical
pollutants, oil pollution, etc. If cautious consideration of the possible lifecycle
impact of nanomaterials on health and the environment is taken into account,
nanotechnology could provide eco-friendly alternatives for environmental manage-
ment without harming the natural environment and, in turn, without harming human
health. Thus, the process of nanotechnology transformation in the area of wastewater
treatment depends mainly on safety and its sustainability in various applications of
water treatment.
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Abstract Neoplastic disease has multifactorial etiology and insidious evolution
which make it unlikely to be detected in early stages and very difficult to treat at
later times. The effectiveness of standard therapeutic approaches is limited by severe
adverse effects, metastasis, and tumor capacity to develop multidrug resistance.

The success of inorganic nanomaterial-based therapeutic agents depends on the
degree to which these nanostructures satisfy general requirements for drug safety
regarding biocompatibility, biodegradability, and stability and on their antitumor
efficacy. Fabrication of such nanomedicines requires adequate assessment and
engineering of nanomaterial physicochemical characteristics like particle size, spe-
cific surface area, surface charge, hydrodynamic size, and magnetic, optical, and
photocatalytic properties. Together with surface functionalization and delivery
method, these properties dictate the in vivo “biological identity” of the nanomaterial
and its fate with respect to cellular uptake and distribution/accumulation inside
the body.

We reviewed recent literature on interdisciplinary studies regarding applications
of inorganic nanomaterials in the treatment of cancer. The major functions that
inorganic nanomaterials can play in cancer therapy are:

1. Nanocarriers for therapeutic agents and active targeting ligands for molecules
overexpressed on tumor tissues as well as for altered signal transduction path-
ways. Inorganic nanomaterial-based therapeutic agents are able to reduce tumor
growth acting on neoplastic vasculature (by inhibiting angiogenesis,
vasculogenesis, and vasculogenic mimicry) or on malignant cells (blocking
activation of overexpressed receptors and their specific signaling pathways,
inducing oxidative stress, and reducing multidrug resistance). Moreover, inor-
ganic nanomaterials are able to inhibit tumor invasiveness and metastasis by
reducing degradation of extracellular matrix, exosome secretion, and cell prolif-
eration at the secondary site.

2. Contrast agents and medical adhesives in cancer surgery:

(i). Vital staining of sentinel lymph nodes (SLNs) where the first metastasis
appears – the use of carbon nanoparticles, single-walled and multilayer
carbon nanotubes, or superparamagnetic iron oxide nanoparticles was asso-
ciated with a significantly higher number of harvested SLNs in breast and
cervical tumors, lung cancer, papillary thyroid carcinoma, and prostate
carcinoma.

(ii). Nanoparticle-based medical adhesives used for surgical wound closure –

aqueous suspensions of iron oxide and silicon dioxide nanoparticles were
shown to rapidly connect highly vascularized tissues (e.g., liver).

3. Inorganic sensitizers for radiotherapy – gold nanoparticles were reported to
significantly enhance the efficiency of ionizing radiation and induce targeted
cancer cell apoptosis, tumor growth inhibition, and increases of survival rates
in tumor-bearing mice.

4. Antitumor agents based on specific material properties like surface plasmon
resonance (photothermal heating), magnetic responsiveness (magnetic
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hyperthermia), and photocatalysis (photodynamic therapy) – heat generated by
plasmonic (gold-based) or magnetic (iron oxide-based) nanomaterials exposed to
laser light or alternating magnetic fields, respectively, was shown to efficiently
destroy tumors in mouse models or leads to promising results in clinical trials; the
antitumor action of photoactivated TiO2-based nanomedicines was assessed in
numerous in vitro and several in vivo studies.

5. Adjuvant therapy (iron replacement therapy) – iron oxide colloids (IOC) are more
efficient than free iron in treating iron-deficient anemia associated with cancer.

Overall, inorganic-organic therapeutic nanoplatforms provide enhanced treat-
ment efficiency, reduced adverse effects, multiple antitumor action mechanisms,
facile cell internalization, and diminished multidrug resistance.

Keywords Cancer · Inorganic nanomaterials · Targeted therapy · Nano-sized drug
delivery system · Hyperthermia · Plasmonic photothermal therapy · Photodynamic
therapy

2.1 Introduction

Cancer kills millions of people every year, and it is anticipated that the number of
new cases will rise by about 70% over the next two decades (World Health
Organization 2017). Considering the significant increase in the number of patients
with malignant tumors and the economic burden that this condition carries for
patients, health system, and society, as well as the negative emotional impact
suffered by ill people due to unfavorable life expectancy prognosis, a breakthrough
in the treatment and/or early diagnosis of cancer is greatly needed. In recent years,
nanomaterials have become potential candidates for cancer therapeutics, various
applications of different nanomaterials designed for the treatment of neoplastic
diseases being currently under investigation in both laboratory and clinical practice.

Nanomaterials are defined as “a natural, incidental or manufactured material
containing particles in an unbound state or as an aggregate or as an agglomerate
and where, for 50% or more of the particles in the number-size distribution, one or
more external dimensions is in the size range 1 nm–100 nm ” (Commission E 2011).

At present, by using versatile and inexpensive synthesis methods, a large variety
of inorganic nanostructures (particles, rods, wires, tubes, plates, etc.) with different
polymorphic structures, morphologies, and physicochemical properties can be
obtained. Such synthesis- controlled properties, together with specific modifications
(surface functionalization, drug conjugation), aimed to induce or enhance the ther-
apeutic function of the inorganic nanomaterial and dictate the reactivity and behavior
of the engineered nanostructure inside the human body (Fig. 2.1). The main pre-
requisites nanomaterials must have in order to be considered candidates for thera-
peutic applications are biocompatibility, biodegradability, stability, and minimal
side effects (Marin et al. 2013; Solanki et al. 2008).
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A biocompatible nanomaterial performs its therapeutic role without eliciting any
undesirable local or systemic effects in the recipient patient (Williams 2008). When
designing nanomaterials for therapeutics, both potential hemocompatibility and
histocompatibility should be assessed (Li et al. 2012). Biocompatibility strongly
relates to biodegradability – the characteristic of being decomposed by the living
organism, leading to products of degradation that are nontoxic or are completely
eliminated from the organism by natural metabolic pathways (Marin et al. 2013).

Stability refers to the capability of therapeutic nanomaterials to preserve their
physicochemical properties and their biological activity for long term in the internal
body environment (body fluids, gut mucosa, etc.). In vivo stability of nanomedicines
is related to the requirement of no pre-release of drug (Zhang et al. 2014).
For therapeutic efficacy, the active compound has to be released only after the
nanostructure carrying it enters the target tumor cell.

Fig 2.1 Nanomaterials’ fate in the human body following systemic administration: in the biolog-
ical fluids, based on their physicochemical properties, nanomaterials interact with endogenous
proteins (forming protein corona) and/or are partially degraded and absorbed through digestive
tract epithelium and blood vessel walls, being differentially distributed to body organs. After cell
internalization, nanomaterials exert their biological role (therapeutic effect) followed by either
accumulation in tissues and generation of side effects or elimination from the body through natural
pathways
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In order to increase biocompatibility and ensure stability or to achieve targeted
drug delivery (using nanoparticles as drug carriers), appropriate functionalization
(chemical surface modification) of the used nanoparticles may be required.
Functionalization is performed in order to protect both the carrier and the unstable
drug molecules against degradation until the target organ and the target structure are
reached (Marin et al. 2013; Solanki et al. 2008). The functionalized nanoparticle-
drug system exhibits additional activity compared to drug alone, originated in
specific material properties such as surface plasmon resonance (e.g., photothermal
heating) (Ni et al. 2015; Huang and El-Sayed 2011), magnetic responsiveness
(magnetic hyperthermia/targeting) (Khan et al. 2015; Reddy et al. 2012; Gubin
2009), and photocatalysis (Carp et al. 2004; Murakami et al. 2006; Hirakawa and
Hirano 2006).

The condition of minimal side effects represents a constant target of all therapeu-
tic approaches, including nanomedicine-based therapy. Accumulation of
nanomaterials and their nonselective action (on both tumor and normal cells) can
lead to tissue and cell lesions. In most cases, the metabolization of metallic
nanomaterials will not lead to complete elimination of degradation products from
the body. As an exception, inorganic iron is progressively incorporated in hemoglo-
bin and eliminated from the body via natural pathways (Weissleder et al. 2014).

2.2 Physicochemical Properties of Nanomaterials Which
Influence Their Behavior in Biological Media

The various biological effects induced by inorganic nanomaterials under in vitro or
in vivo conditions are mediated by nonspecific and specific physicochemical inter-
actions associated with volume and surface nanomaterial properties. Such important
properties are particle size, specific surface area, surface charge, hydrodynamic size,
and magnetic, optical, and photocatalytic properties.

2.2.1 Specific Surface Area

The biological reactivity of a nanomaterial is generally proportional to its specific
surface area (surface area per unit mass of material). This area is determined based
on the amount of gas substance adsorbed by a given amount of solid material. In
general, the adsorption depends on the absolute temperature T, the pressure P, and
the interaction potential E between the solid adsorbent and the adsorbate (Lowell
et al. 2004). Under equilibrium temperature and pressure conditions, the weight W of
gas adsorbed on a given amount of solid material can be written as
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W ¼ f T ,P,Eð Þ ð2:1Þ

This amount is generally determined at constant temperature, and thus, Eq. 2.1
may be simplified as

W ¼ f P,Eð Þ ð2:2Þ

By plotting the measured quantity W versus the chosen values of P at constant
temperature, one obtains the adsorption isotherm of a particular gas-solid interface.
The shape of such isotherms depends on the adsorption characteristics (e.g., the
number of adsorbate layers formed at the gas-solid interface) and mechanism
(chemisorption or physisorption).

With their theory, Stephen Brunauer, Paul Hugh Emmett, and Edward Teller
(BET) (1938) aimed to describe the physical adsorption of gas molecules on a solid
surface. The BET theory represents an extension of the theory previously developed
by Langmuir (valid for monolayer adsorption) to multilayer adsorption.

The proposed BET adsorption isotherm may be written as (Lowell et al. 2004)

1
W P=P0 � 1ð Þ ¼

1
WmC

þ C � 1
WmC

P
P0

� �
ð2:3Þ

The plot of 1/W(P/P0 � 1) versus P/P0 shows a linear behavior, usually for P in
the range 0.05 < P/P0 < 0.35. The slope, s, and intercept, i, of this line are

s ¼ C � 1
WmC

ð2:4Þ

and

i ¼ 1
WmC

ð2:5Þ

By combining Eqs. 2.4 and 2.5, the weight of the monolayerWm can be expressed
as

Wm ¼ 1
sþ i

ð2:6Þ

while the BET constant C is given by

C ¼ s
i
þ 1 ð2:7Þ

The total surface area St can be calculated based on the value of Wm resulted from
Eq. 2.6.

52 A.-R. Lupu et al.



St ¼ WmNAx

M
ð2:8Þ

where N is the Avogadro number and M and Ax are the molecular weight and cross-
sectional area of the adsorbate, respectively. For nitrogen, the cross-sectional area is
Ax ¼ 16.2 Å.

The specific surface area is determined by dividing the total area St by the weight
of the tested sample.

2.2.2 The Zeta Potential

Solid nanoparticles placed in liquid environments differentially adsorb ionic species
from the liquid phase and acquire surface charge, an electrical potential being set up
at the particle-electrolyte interface. The common term used to describe the occur-
rence of interfacial charge distribution is the electrical double layer (EDL).

The amount and type (positive or negative) of surface charge influence the
cellular uptake and cytotoxicity of the charged nanomaterial (Eleonore Fröhlich
2012).

The amount of acquired charge is proportional to the average zeta potential of the
studied nanomaterial. The zeta potential, ζ, is the electrostatic potential at the “shear
plane” of a colloidal particle. In this context, the “shear plane” represents the
interface between the ions strongly bound to the particle (moving along with the
particle) and the bulk solution (loosely bound or unbound ions) Fig. 2.2.

Zeta potential is an important parameter characterizing the repulsive interactions
between colloidal particles.

The zeta potential is frequently determined using the electrophoretic light scat-
tering (ELS) method. The ELS is based on the analysis of the light scattered by
charged particles that move in an electrolyte under the influence of an applied

Fig. 2.2 Concentration of ions at the surface of a negatively charged nanoparticle and in the bulk
electrolyte; (a) local depletion and accumulation of anions and cations, respectively, close to the
surface; (b) the concentration Ci of ions of different species depends on the distance R from the NP
surface. (Adapted from J. R. Soc. Interface 11: 20130931.https://doi.org/10.1098/rsif.2013.0931)
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electric field. The constant velocity Vp of a charged particle subjected to an electric
field of magnitude E is given by

Vp ¼ μE ð2:9Þ

where the proportionality constant, μ, denotes the electrophoretic mobility. Usually,
the velocities of such particles are very small, and it is convenient to express the
mobility in terms of “mobility units,” 1 M.U. ¼ [10�4 cm2/Vs].

An incident light beam with frequency v0 is scattered by the moving particles at a
frequency vs, Doppler-shifted with respect to the incident frequency. The sign and
magnitude of the Doppler shift depend on the velocity of the particle, the scattering
angle, and the incident light wavelength in the suspension medium, according to
Nicomp:

2πΔν ¼ k � Vp ð2:10Þ

where k is the scattering wave vector. The magnitude of k is given by

k ¼ 4πn=λ0ð Þsinθ=2 ð2:11Þ

where λ0 denotes the wavelength of the incident beam in vacuum, n is the refractive
index of the solution, and θ is the angle at which the scattered light is detected
(Nicomp).

From Eq. 2.10 and 2.11 (using the definition of the scalar product), the Doppler
shift Δν can be expressed as

Δν ¼ kVp=2π
� �

cos θ=2ð Þ ¼ 2nVp=λ0
� �

sin θ=2ð Þcos θ=2ð Þ ¼ nVp=λ0
� �

sinθ ð2:12Þ

By substituting the expression of the particle velocity from Eq. 2.9, the electro-
phoretic mobility, μ, can be written as

μ ¼ λ0=nsinθð Þ 1=Eð ÞΔν ð2:13Þ

The mean zeta potential, ζ, is linearly related to the mobility μ, when the thickness
of the electric double layer (EDL), λD

�1, is small compared to the mean diameter, R,
of the particles (Smoluchowski approximation) (λDR � 1). In this case,

ξ ¼ ημ=ε ð2:14Þ

where η and μ represent the viscosity and the dielectric constant of the solvent,
respectively.

In cases when λD
�1 is large compared to the mean diameter, R, of the particles

(Hückel limit approximation) (λDR<<1), the zeta potential is given by
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ξ ¼ 3
2
ημ=ε ð2:15Þ

The Debye length λD increases with the ionic strength of the solution.

2.2.3 The Hydrodynamic Size

When a particle moves in a fluid, such as blood flow, either under the influence of an
applied force or due to Brownian motion, it is subjected to frictional forces. The
frictional force Ff is proportional to the velocity, v, of the particle

Ff ¼ �f v ð2:16Þ

the proportionality constant f denoting the frictional coefficient. The minus sign
shows the opposite directions of vectors Ff and v (the frictional force opposes the
motion of the particle).

For a sphere of radius R, the frictional coefficient depends on the viscosity of the
fluid according to Stokes’s law (Schuster 2000):

f ¼ 6πηR ð2:17Þ

where η is the viscosity coefficient.
In case of Brownian motion, the diffusion coefficient D can be expressed in terms

of the frictional coefficient f according to Einstein’s relation (Schuster 2000):

D ¼ kBT
f

ð2:18Þ

or, using Eq. 2.17

D ¼ kBT
6πηR

ð2:19Þ

If the diffusion coefficient is known, based on Eq. 2.19, the hydrodynamic radius
RH (Einstein-Stokes radius) can be calculated from

RH ¼ R ¼ kBT
6πηD

ð2:20Þ

Thus, RH represents the radius of a sphere with the same diffusion coefficient as
the studied particle (Fig. 2.3).
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The diffusion coefficient is related to the mean-square distance hr2idiffused by
the particle in time t by (derived from Fick’s law (Schuster 2000):

r2
� � ¼ 6Dt ð2:21Þ

Thus, the diffusion coefficient may in principle be determined by analyzing the
motion of Brownian particles.

The dynamic light scattering (DLS) method is frequently used for this purpose. In
DLS, an incident laser beam is scattered by a volume of particles in Brownian
motion. While the scattering particles change their positions, the electric field Es(t)
and intensity Is(t)¼ |Es(t)|

2 of the scattered light fluctuate with time (Schuster 2000).
The autocorrelation function g2(t) of the photocurrent resulting from the fluctuating
intensity of the scattered light is (Berne and Pecora 1976)

g2 tð Þ ¼ 1þ βe�2q2Dt , ð2:22Þ

where β is an instrumental constant and q is the magnitude of the scattering
vector, (4πn/λ0) sin(θ/2), where n is the refractive index of the solvent, λ0 is the
wavelength of the incident light in vacuum, and θ is the scattering angle. Eq. 2.22
leads to

ln g2 � 1ð Þ ¼ 1� 2q2Dt: ð2:23Þ

Fig. 2.3 Schematic illustration of the hydrodynamic radius, RH, for (a) nanoparticle (yellow) with
adsorbed/bound ions, folded and unfolded proteins on its surface; (b) elongated nanoparticle; (c)
nanoparticle agglomerate
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The slope of the semilogarithmic plot resulted from Eq. 2.23 is (�2q2D). Since q2

is known, the diffusion coefficient D can be calculated from this slope.
The hydrodynamic radius is increased when nanomaterials enter the blood flow

due to adsorption of plasma proteins on their surface. This hydrodynamic enlarge-
ment and biochemical surface modification influences the in vivo behavior of
nanomaterials.

2.2.4 The “Biological Identity” of Nanomaterials

The nanomaterial - target cell interaction is only in rare cases directly influenced by
the physicochemical properties of the nanomaterials. Under in vivo environments
nanomaterials undergo modifications well before they reach their target cells. The
overall induced modifications define a nanomaterial state called the “biological
identity” of the nanomaterial which dictates its biological behavior and effects.
The always present and most important modification is the covering of nanomaterial
surfaces with bound and adsorbed proteins which form the so-called protein corona.
Uncontrolled protein adsorption may reduce the targeting capacity and promote the
clearance from the bloodstream of therapeutic nanomaterials. On the other hand, by
functionalizing nanomaterials with chosen proteins or by engineering their surface to
selectively adsorb specific endogenous proteins, improved nanomedicines could be
obtained (Nguyen and Lee 2017; Caracciolo et al. 2017).

In this chapter, we briefly mention several of the characteristics of the protein
corona and its importance in nanomaterial-based antitumor therapy.

The structure of the protein corona depends on the nature of the biochemical or
physiological environments (blood, interstitial fluid, cell culture medium, cell cyto-
plasm, etc.), the duration of exposure, and the physicochemical properties (size,
shape, composition, surface functional groups, and surface charges) of the involved
nanomaterials (Rahman et al. 2013). The protein corona generally consists of two
regions: the “hard corona” (strongly bound proteins that interact directly with the
nanomaterial surface) and the “soft corona” (proteins that weakly interact with the
hard corona by means of protein-protein interactions) (Monopoli et al. 2011). The
formation of protein corona is a dynamical process which may be considered to
occur in two stages (not clearly separated thought). In the early stage, proteins with
the highest concentration are quickly adsorbed on the surface of the exposed
nanomaterials. Over time, however, during the late stage, these proteins are desorbed
and replaced with proteins of higher and more specific physicochemical affinity for
the given material (Vroman effect (Vroman et al. 1980)). The adsorption of proteins
does not however completely mask the surface of nanoparticles or their functional
groups (Rahman et al. 2013; Aggarwal et al. 2009; Simberg et al. 2009).
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Parameters Affecting the Protein Corona

The characteristics of the protein corona (structure, composition, thickness, confor-
mation) depend on a variety of nanomaterial properties (size, shape, curvature,
surface charge, solubility, hydrophobicity, surface modifications etc.) (Rahman
et al. 2013; Lynch and Dawson 2008; Lundqvist et al. 2011; Mahmoudi et al.
2011), among which hydrophobicity and surface charge proved to be more relevant
than other parameters (Aggarwal et al. 2009).

Effects of Surface Charge

Concerning the role of the surface charge, reports indicate a direct proportionality
between the surface charge and the protein adsorption (Rahman et al. 2013). Besides
influencing the protein adsorption rates, surface charge may also induce alterations
in the protein conformation (Rahman et al. 2013). Regarding the role of the charge
type, positively charged nanoparticles preferentially adsorb proteins with isoelectric
points IP < 5.5, while negatively charged nanomaterials show higher affinity for
proteins with IP > 5.5 (Aggarwal et al. 2009).

Effects of Hydrophobicity

Similar effects have been related to the hydrophobicity of the studied nanomaterials,
hydrophobic surfaces being proved to adsorb higher amounts of proteins and induce
stronger protein denaturation compared to hydrophilic surfaces, as well as to affect
the composition of the protein corona (Aggarwal et al. 2009; Cedervall et al. 2007).

Effects of Nanoparticle Size and Curvature

The higher specific surface area associated with smaller nanoparticles leads to an
increased protein adsorption rate, inversely proportional to the particle size. Besides
protein-binding rate, another parameter found to depend on the particle size (when
considering the same type of material) is the composition of the protein corona
(Lundqvist et al. 2011; Gessner et al. 2000). The dependence of the protein corona
composition and structure on the nanoparticle size becomes stronger as the particle
size approaches the size of the folded proteins (Rahman et al. 2013).

Regarding the effects of particle surface curvature, proteins adsorbed to highly
curved surfaces maintain their conformation better than those adsorbed to less
curved surfaces (Rahman et al. 2013).
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2.3 Behavior of Nanomaterials in Biological Media:
Delivery and Cell Internalization

Inorganic nanomaterials are suitable for both local and systemic deliveries (Li et al.
2012). Local delivery (inhalation, topical administration, etc.) has the advantage of
being noninvasive and induces less severe adverse effects in the treated patients.
Inhaled drugs are localized to the target organs, and the required therapeutic doses
are generally lower in this case compared to systemic delivery (Rau 2005). In an
attempt to prolong the pulmonary residence time, inhaled nanomedicines were
designed to adhere to airway mucus. Using a mouse model, Schneider et al. have
recently shown, however, that smaller particles that avoid mucoadhesion and pass
through the mucus barrier are more efficient than mucoadherent ones (which could
be, at least in part, eliminated by physiologic mucus clearance mechanisms
(Schneider et al. 2017). Inhaled nanomaterials are rapidly taken up by lung macro-
phages, leading to inflammation (Donaldson et al. 2013). High doses of inhaled
nanomedicines may lead to adverse effects, including an increased risk of cardio-
vascular disease (Gerloff et al. 2017).

In the case of topical (transdermal) delivery, it is necessary that the used
nanomaterials have affinity for both lipophilic and hydrophilic phases, and they do
not induce irritation at the administration site (Uchechi et al. 2014). A wide range of
nanomaterials including magnetic nanoparticles, quantum dots, titanium and zinc
oxides, carbon nanotubes, and fullerenes are suitable for transdermal delivery, their
potential skin sites for targeting being stratum corneum, furrows, and hair follicles
(Larrañeta et al. 2016).

Having access to almost all parts of the body, systemic delivery (intravenous or
oral administration) is widely used in clinical care. In the case of therapeutic
nanomaterials, however, systemic delivery can lead to severe side effects due to
accumulation of inorganic nanomaterials in vital organs, other than the injured ones.
As targeted antitumor therapy aims to localize and maximize the effect in neoplastic
tissues and to reduce/eliminate the damage to normal tissues, local and topical
administration seems to be a better option for nanomaterial-based treatment of
cancer diseases. Systemic delivery is still preferred when the target organs are
difficult to reach by drug molecules (e.g., brain) and when the used inorganic
nanoparticles can be guided (using magnetic fields or based on specific antibody-
receptor interactions) toward the tumor tissue.

Intravenous delivery of drugs, including therapeutic nanomaterials, is usually
associated with a quick response. Since high systemic doses are needed in order to
obtain a beneficial effect in the affected organ, toxicity is often associated with
intravenous administration (Verma et al. 2010).

In the blood flow, nanomaterials are either internalized by monocytes that further
accumulate in inflamed tissues (including tumors) or, most of them, leave the blood
vessels and enter tissues where they are engulfed by resident macrophages (Lowell
et al. 2004).
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Following intravenous administration, the distribution of nanomaterials in the
body depends not only on their physicochemical properties but also on the site of
injection into the blood flow. Nanomaterials injected in the central component of the
blood flow will go to well-perfused organs, such as the heart, liver, and kidney, while
nanomaterials from peripheral component will reach adipose tissue and skeletal
muscle. Only few nanomaterials will reach organs protected by anatomic barriers
(e.g., spinal cord) or characterized by reduced blood flow (e.g., joints or middle ear
fluid) (Singh 2015). For an efficient treatment of these organs, local administration of
therapeutic nanomaterials is required. Moreover, nanomaterial extravasation and
spreading in body tissues is increased in fenestrated blood vessels present in normal
organs (spleen, liver, kidneys, etc.) but also in tumors (Wang et al. 2012a),

Oral administration is noninvasive, but sometimes, it can be inefficient due to the
degradation of therapeutic nanomaterials in the gastrointestinal tract and/or limited
absorption (Uchechi et al. 2014; Esipova et al. 2012). Prior to intestinal uptake,
ingested nanomaterials pass through different pH environments (from pH � 6.6 in
the oral cavity to pH � 2 in the stomach). This affects the net surface charge and
solubility of nanomaterials and subsequently their agglomeration and cellular uptake
(Schneider et al. 2017; Singh 2015; Fröhlich and Roblegg 2012). Similar to inhala-
tion, oral delivery of non-mucoadhesive nanomaterials is associated with enhanced
particle distribution and drug delivery (Maisel et al. 2015). In some cases, oral
administration of therapeutic nanomaterials can be associated with major adverse
effects such as hepatitis and liver fibrosis (Schneider et al. 2017), lesions of gastro-
intestinal tract (Winkler et al. 2016), accumulation in vital organs like the brain and
heart (Yildirimer et al. 2011; Saraiva et al. 2016), autoimmune-related toxicity
(Sharma et al. 2013), etc.

The uptake of nanomaterials in neoplastic tissue depends on:

– The physicochemical properties of nanomaterials. For example, size and shape
are critical for margination of nanomaterials in blood vessels, interaction with cell
membranes (binding avidity of nanomaterials to molecular targets of interest),
and drug release (Toy et al. 2014).

– The structure and type of tumor. The varying uptake rates of nanomaterials in
tumors are a direct consequence of structural and pathological heterogeneity of
different cancers (Lowell et al. 2004; Saraiva et al. 2016). Moreover, the fact that
a specific tumor presents heterogeneous distribution of different tumor cell types
and corresponding vasculature explains the preferential accumulation of
nanomaterials in certain tumor zones when compared with other ones (Senger
et al., 1983). Tumor blood vessels have a leaky structure and are highly perme-
able. Moreover, the lymphatic drainage is inefficient. These structural and func-
tional particularities of tumors allow and promote accumulation of nanomaterials
in neoplastic tissues (Zhang et al. 2014; Sharma et al. 2013). To reach the tumor
tissue and exert their therapeutic role, nanomaterials needs to migrate toward
blood vessel walls (margination, radial drift) (Saraiva et al. 2016), and this
process is significantly influenced by particle size, density, and shape (Toy
et al. 2011; Müller et al. 2014).
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– The number and the activation state of infiltrated macrophages. Tumor mass is
characterized by an abnormally higher cell density (cell number/unit of space)
compared with the corresponding healthy organ (Norton and Massagué 2006).
This explains, in part, the higher number of macrophages relative to normal
tissue. The main reason, however, for a significantly increased number of mac-
rophages in the tumor mass compared with healthy tissue is that during cancer
development, macrophages are co-opted by neoplastic transformed cells to
enhance cell proliferation and invasiveness (Weissleder et al. 2014; Liu and
Cao 2015). Moreover, tumor-associated macrophages (TAM) act as a
proinflammatory component of the immune system and create a
pro-tumorigenic microenvironment (Bussard et al. 2016). As TAM recruitment
is more pronounced in invasive regions of the tumors, it is plausible that
nanomaterials tend to preferentially accumulate in the peripheral cancer tissues
(Weissleder et al. 2014).

Understanding the mechanisms of nanomaterial internalization in cells is still a
challenge due to the huge variability of chemical and physical properties of
nanomaterials. In some cases, nanomaterials (e.g., iron oxide nanoparticles) can
temporarily bind to the external membrane and interfere with cell surface mecha-
nism, but they do not influence cell viability (Bulte and Kraitchman 2004).

The characteristics of nanoparticles (especially size) influence their cellular
uptake mechanism (Doherty and McMahon 2009). Modifying the surface of
nanomaterials with polymers (e.g., dextran, PEG) promotes nonspecific cellular
uptake of nanomaterials by preventing aggregation, enhancing stability and solubil-
ity (Solanki et al. 2008; Bulte and Kraitchman 2004; Zhang et al. 2011a).

It is considered that nanomaterials with particle sizes beyond 0.5 μm are recog-
nized as foreign structures and engulfed by specialized phagocytic cells, especially
macrophages, but also monocytes, neutrophils, and dendritic cells (Weissleder et al.
2014; Groves et al. 2008). However, the main mechanism used by cells to internalize
nanomaterials is not phagocytosis, but macropinocytosis (Geiser et al. 2005; Kuhn
et al. 2014).

The binding of nanomaterials to target cellular receptors is followed by
rearrangement of these receptors in the plasma membrane (usually receptor cluster-
ing occurs) and receptor-mediated endocytosis. Thus, the mechanism of
nanomaterials internalization depends on both the coating molecules and the endo-
cytosis of specific target receptor (Toy et al. 2014). Cross-linked dextran iron oxide
nanoparticles (CLIOs) are capable to enter the cells through lectin receptor-mediated
macropinocytosis (Weissleder et al. 2014), while SPIONs (superparamagnetic iron
oxide nanoparticles) can be internalized by passive mechanisms, phagocytosis,
micropinocytosis, and clathrin-mediated or receptor-mediated endocytosis
(Wimpenny et al. 2012).

Due to their small size and to the fact that the membrane permeability is higher in
tumor cells than in normal cells, nanomaterials preferentially accumulate in cancer
cells (Anshup et al. 2005; Haltiwanger 2014).
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Following their internalization by either macropinocytosis or phagocytosis,
nanomaterials are encapsulated in lysosome and degraded by lysosomal enzymes
and acids (Weissleder et al. 2014). Degradation products of nanomaterials can
induce lysosomal disruption, oxidative stress, and release of proapoptotic proteins
and proinflammatory mediators (Weissleder et al. 2014).

Moreover, some nanomaterials (e.g., TiO2 and silver nanoparticles) are deposited
at the cell surface or inside organelles and produce high amounts of reactive oxygen
species (ROS) (directly or indirectly � by activating cellular signaling pathways),
leading to oxidative stress (Manke et al. 2013). Cellular ROS production and
mitochondrial damage amplify each other, leading to cell apoptosis and inflamma-
tion (Gerloff et al. 2017; Manke et al. 2013). For example, internalized by immune
cells, SiO2 (both crystalline and amorphous) and TiO2 nanomaterials induce
inflammasome activation followed by oxidative stress, release of proinflammatory
cytokines, and ultimately cell death (Winter et al. 2011; Kojima et al. 2014).

Oxidative stress induced by nanomaterials represents one of the main mecha-
nisms responsible for both anticancer effect and harmful effects associated with
nanomaterials (Manke et al. 2013; Nel et al. 2006; Fujiwara et al. 2015).

2.4 Current Applications of Nanomaterials in Cancer
Therapies

Neoplastic disease has multifactorial etiology and insidious evolution which make it
unlikely to be detected in early stages and very difficult to treat at later times. Tumor
expansion and metastasis are associated with breakdown of the immune response
and development of multidrug resistance. New therapeutic agents and delivery
strategies characterized by increased and targeted antitumor action are needed in
order to efficiently destroy tumor cells without significantly affecting the surround-
ing normal tissue.

The main applicability of nanomaterials in cancer therapy is represented by
nanomedicines – therapeutic nanostructures in which nanomaterials act as
nanocarriers and/or active antitumor agents by themselves.

Inorganic nanomaterials with controlled shapes and sizes can be synthesized by
facile and inexpensive methods and functionalized for therapeutic applications.
Moreover, most metallic nanoparticles can be tracked inside the body using imaging
techniques (e.g., magnetic resonance imaging (MRI) (Saraiva et al. 2016). Based on
their composition and physicochemical properties, as well as the antitumor,
targeting, or tracking agents they carry on their surface, functionalized inorganic
nanomaterials form multifunctional anticancer therapeutic nanoplatforms. Such
nanoplatforms are used for targeted drug delivery and/or antitumor action based
on material properties like plasmon resonance (e.g., photothermal heating), magnetic
responsiveness (magnetic hyperthermia/targeting), and photocatalysis (photody-
namic therapy) (Ni et al. 2015; Huang and El-Sayed 2011; Khan et al. 2015;

62 A.-R. Lupu et al.



Reddy et al. 2012; Gubin 2009; Carp et al. 2004; Murakami et al. 2006; Hirakawa
and Hirano 2006).

With respect to the way in which nanomaterials (functionalized or not) reach the
tumor mass, accumulate, and exert their effects, the nanomedicine-based therapy can
be classified into untargeted therapy (passive targeting) and targeted therapy (active
targeting). Furthermore, depending on the addressed structure (tumor vascular bed or
cancer cells), active targeting can be split into vascular targeting and tumor targeting
(Zhang et al. 2014; Farokhzad and Langer 2009).

2.4.1 Passive Targeting

Passive targeting is independent of the characteristics of cancer cells. Therapeutic
nanomaterials are driven by the blood flow to the tumor mass where the leaky
vasculature allows their extravasation and diffusion in the neoplastic tissue. Noble
metal nanoparticles (including gold nanoparticles) are able to pass through the walls
of blood vessels into the neoplastic tissue and accumulate in tumor cells (Minelli
et al. 2010; Conde et al. 2012). The efficacy of passive targeting is limited by the fact
that some parts of the vascular endothelium have a normal structure and
nanomaterial extravasation is restricted (Zhang et al. 2014). This phenomenon is
easily observed in the case of brain tumors. Enhanced vascular permeability and
retention of nanomaterials are significantly lower in cranial tumors compared with
peripheral cancer tissues. Moreover, nanostructures can be used for passive targeting
in brain tumors, especially after disruption of the blood-brain barrier (BBB) (Liu and
Lu 2012; Gao 2016).

2.4.2 Active Targeting

Targeted therapy is based on the use of active compounds able to modulate the
activity of specific target molecules, usually through specific recognition and ligand-
receptor interactions (Zhang et al. 2014).

For successful/efficient active targeting, extravasation of nanomaterials into the neo-
plastic tissue is necessary (Zhang et al. 2014). Compared with other therapeutic systems,
nanomedicines are more likely to reach the target organ and to accumulate and deliver
therapeutic agents to cancer tissues (Anselmo and Mitragotri 2015, 2016a).

As target molecules can also be expressed on normal cells, where they perform
physiological functions, chemotherapy is associated with a certain degree of toxicity
(Widakowich et al. 2007). Although the level of acceptable toxicity of chemother-
apeutic agents increases with the severity of cancer (Szabo 2006), the risk-benefit
ratio has to be considered when choosing the treatment method. One advantage of
using functionalized inorganic nanomaterials in cancer therapy is their ability to
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accumulate preferentially at tumor site, leading to reduced overall toxicity by
limiting the damage to normal tissues and consequent side effects.

Vascular Targeting

Solid tumors require access to blood vessels for growing and metastasis. Tumor
evolution includes angiogenesis, vasculogenesis (in both normoxic and hypoxic
conditions, result of proliferation and migration of endothelial cells), and
vasculogenic mimicry (without endothelial cell participation, hypoxic conditions).
Vasculogenic mimicry is often associated with high multidrug resistance (MDR) and
the ability to generate different cell types and to increase tumor heterogeneity
(Kirschmann et al. 2012; Wangeblast et al. 2015; Spiliopoulos et al. 2015; Vallée
et al. 2018). As a consequence of fast development of the neoplastic tissue, which
requires high amounts of nutrients, tumor vessels are usually leaky and dilated and
show abnormal structure (Jain 2005). The vascular endothelial growth factor
(VEGF), the main mitogenic factor for endothelial cells, is one of the main factors
that promote angiogenesis (being overexpressed in the majority of solid tumors) and
is also involved in immunosuppression (inhibits T cell activation, inhibits NF-kB
activation in dendritic cells) (Jain 2005; Zitoogel et al. 2006; Knopik-Skrocka et al.
2017). Thus, the inhibition of VEGF in neoplastic tissues would expectedly lead
toward “normalized vasculature” (with less altered structure and function) and
subsequent tumor weight reduction.

Since the precise control of spatial and temporal distribution of VEGF is essential
for maintaining the structure and function of normal vasculature, targeting VEGF at
tumor level without altering normal tissues represents one of the most challenging
therapeutic approaches. Experimental in vivo data has shown that nanomedicine-
based targeting of VEGF and other vascular biomarkers is a very efficient strategy to
inhibit tumor growth and to reach micrometastases (Toy et al. 2014).

Some recent studies have shown that some inorganic nanomaterials alone or
conjugated with ligands of VEGF receptors (e.g., gold nanoparticles, VEGF-121-
conjugated mesoporous silica) have antiangiogenic properties (Mukherjee et al.
2005; Goel et al. 2014). Blocking angiogenesis, however, has cytostatic, but not
cytotoxic, effect, the surviving cancer cells being able to develop a more malignant
phenotype and contribute to tumor invasion and metastasis. A combined therapy –

VEGF inhibitors and cytotoxic agents – is thus required for an effective antitumor
action. VEGF inhibitors induce important side effects such as hypertension, arterial
thromboembolic events, and wound-healing complications (Laschke et al. 2006;
Meadows and Hurwitz 2012; Chen and Hung 2013).

As tumor growth is driven mainly by cancer stem cells, Ambasta et al. proposed
twin nanoparticles gold-coated SPIONs functionalized with both VEGF monoclonal
antibodies and cancer stem cell markers to be used as anticancer nanomedicines.
After reaching the tumor under magnetic field guidance and bounding cancer stem
cells only, twin nanoparticles unfold and release VEGF antibodies to block
angiogenetic pathways (Ambasta et al. 2011).

64 A.-R. Lupu et al.



Tumor Targeting

Tumor Targeting Based on Specific Ligand: Receptor Interaction

Following extravasation from tumor vessels, functionalized inorganic nanomaterials
enter the interstitial fluid and interact with different types of cells present in tumor
stroma. The nanomaterial-cell interaction depends on cell surface characteristics
(e.g., receptor types and distribution), being driven by the chemical affinity between
the used functionalized nanomaterial and certain membrane receptors, highly
expressed on tumor cells, able to recognize and specifically bind the
functionalization agent.

One of the most important cellular receptors involved in cancer progression and
metastasis is epidermal growth factor receptor (EGFR). Its internalization (through
clathrin-dependent pathway) is associated with inhibition of apoptosis, cell prolif-
eration, invasiveness, and metastasis, as well as angiogenesis (Rocha-Lima et al.
2007). EGFR overexpression is associated with many types of cancer and is due to
the sustained production and release of endogenous EGFR receptors in tumor
microenvironment (Sasaki et al. 2013) (Table 2.1).

Table 2.1 Inorganic nanostructures with anticancer effect based on epidermal growth factor
receptor (EGFR)-specific targeting

Inorganic
nanostructure

Therapeutic
agent Tumor type

Study type
(in vivo/
in vitro)

Bibliographic
source

1 Carbon
nanodiamonds

Paclitaxel Breast cancer In vitro Zhang et al.
(2011b)

2 Carbon
nanovectors

Cetuximab
Paclitaxel

Squamous car-
cinoma
osteosarcoma

In vitro Berlin et al.
(2011)

3 Cyclodextrin-cov-
ered gold
nanoparticles

Β-Lapachone Breast adeno-
carcinoma
Lung carcinoma

In vitro Park et al.
(2009)

4 Plasmonic gold
nanoparticles

Photothermal
therapy

Oral squamous
carcinoma

In vitro El-Sayed et al.
(2006)

5 Hollow gold
nanoshells

Photothermal
ablation

Squamous
carcinoma

In vitro, in vivo
(biodistribution)

Melancon
et al. (2008)

6 Gold nanoparticles Cetuximab Lung cancer In vitro, in vivo Qian et al.
(2014)

7 Silica
nanoparticles

Cetuximab Lung cancer In vitro Wang et al.
(2016)

8 Iron oxide mag-
netic nanoparticles

Alternating
magnetic field

Breast cancer In vitro Creixell et al.
(2011)

9 Plasmonic mag-
netic nanoparticles

Magnetic
field

Non-small cell
lung cancer

In vitro Yokoyama
et al. (2011)

10 Plasmonic mag-
netic nanoparticles

Magnetic
field

Lung cancer In vitro, in vivo Kuroda et al.
(2014)
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In vivo studies using glioblastoma mouse model have shown that administration of
gold nanoparticles coated with peptides against multiple receptors (e.g., EGFR and
transferrin receptors) resulted in increased specificity and decreased time of maximal
accumulation in cells overexpressing both receptors (Dixit et al. 2015). Blocking trans-
ferrin receptors leads to decreased iron influx in cancer cells. As iron contributes to the
generation of hydroxyl radicals (highly oxidative species able to induce DNA damage and
subsequently malignant transformation) by the Fenton reaction, iron depletion could
inhibit cancer growth (McCarty et al. 2010; Jiang et al. 2010).

VEGF release is promoted by matrix metalloproteinase-2 (MMP-2)
(Kessenbrock and Werb 2010), an endopeptidase whose overexpression on the
surface of invasive cancer cells is responsible for degradation of extracellular matrix,
migration of tumor cells, invasion, and metastasis (Gialeli et al. 2011). MMP-2 also
contributes to angiogenesis and tumor-associated inflammation (Kessenbrock and
Werb 2010). Silver/alisertib nanocomposites conjugated with a chlorotoxin which
specifically binds to MMP-2 reduced tumor size in glioblastoma-bearing mice
(Locatelli et al. 2014).

Other molecules overexpressed on the membrane of tumor cells were specifically
targeted using nanoconstructs: single-walled carbon nanotubes (SWNTs) for CD20
antigen overexpressed on human Burkitt lymphoma cells (McDevitt et al. 2007),
thiamine-coated gadolinium nanoparticles for binding thiamine transporters in breast
cancer cells (Oyewumi et al. 2003), and functionalized gold nanoparticles for
targeting protein tyrosine kinase 7 (PTK7) in T cell acute lymphoblastic leukemia
(Luo et al. 2011). Unfortunately, specific binding to cancer cells is not necessarily
associated with metabolic changes resulting in cancer cell death. Additional
targeting strategies are needed to act after nanomedicine internalization in the cell,
for example, by inhibiting an altered signaling pathway or inducing apoptosis
through physical factors (e.g., hyperthermia).

Intracellular Targeting

Following internalization in tumor cells, the drug is released by either external
activating stimuli (magnetic field, light, temperature) or intrinsic physicochemical
stimuli at the target site (pH, enzyme, redox, etc.) (Zhang et al. 2014).

a) Altered signaling pathways

Some signal transduction pathways are altered in both premalignant and late-stage
malignant cells (e.g., overexpression of proinflammatory mediators, VEGF, proteolytic
enzymes) (Knopik-Skrocka et al. 2017; Steinman and Mellman 2004). For example,
overexpression of cyclooxygenase 2 (COX-2) is common to various premalignant and
malignant lesions of epithelial cell origin. COX-2 is involved in cancer development
through promoting of Th2 responses, inhibition of T cell toxicity, and sustaining angio-
genesis (Zitoogel et al. 2006). Park’s group has shown that inhibition of COX-2 expres-
sion and activity by resveratrol-capped gold NPs led to enhanced inhibition of breast
cancer metastasizing process (Park et al. 2016).
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In many cancers, at least one signaling pathway is responsible for neoplastic
transformation. The simultaneous modulation of the function of multiple biomole-
cules acting at different points in the same signaling pathway may be more efficient
in treating the disease than blocking the function of a single protein encoded by an
oncogene (Weinstein and Joe 2006). Moreover, the molecular mediators and
corresponding signaling pathways responsible for self-seeding could be, at least
partially, the same in the primary tumor site and metastatic site (Norton and
Massagué 2006). This feature creates premises for using inorganic nanomaterial-
based medicines that are effective on both primary and secondary tumors.

b) Multidrug resistance (MDR)

MDR, the acquired loss of sensitivity of tumor cells to multiple chemotherapeutic
agents, is one of the most important factors responsible for failure in cancer
treatment. MDR is a consequence of repeated exposure of tumor cells to
subtherapeutic doses of anticancer drugs, resulting in reduced retention of chemo-
therapeutics in the cells (due to overexpression of multidrug efflux pumps) and
altered apoptosis (Krishnan and George 2014).

By preferentially accumulating in tumor cells and by delivering higher amounts
of anticancer compounds than classical therapies, functionalized inorganic
nanomaterials can contribute to the reduction of MDR, thus making tumor cells
more susceptible to chemotherapeutic agents.

Nanomaterial-based therapeutic approaches to overcome MDR include the con-
jugation of nanomaterials with an anticancer drug: (a) an inhibitor of MDR pumps
expression and activity, (b) a proapoptotic agent, and (c) microRNA or small
interfering RNA aimed at blocking the expression of MDR genes (Chen et al.
2009; Gao et al. 2012; Peetla et al. 2013).

One class of representative conventional therapeutic agents associated with
efficacy in killing tumor cells but also with high systemic toxicity and development
of multidrug resistance is represented by platinum derivatives.

Despite their efficacy in killing tumor cells, platinum-based anticancer drugs are
associated with high systemic toxicity and development of multidrug resistance.
However, conjugating platinum-based anticancer drugs with gold nanoparticles and
nanorods or iron oxide nanoparticles allows targeted therapy, being able to increase
the drug uptake in tumor cells and to reduce multidrug resistance in lung cancers
(Ma et al. 2015).

Although numerous studies indicate that the use of nanomaterial-based
nanomedicines represents a promising way to reduce the MDR induced by standard
antitumor approaches, the possible occurrence of MDR as a consequence of
suboptimal doses of such therapeutic nanostructures has not been excluded yet.

c) Exosome secretion

Trafficking biological material (key proteins, microRNA) outside cancer cells
contributes to cell-cell interaction, tumor microenvironment maturation, invasive-
ness, and metastasis (Azmi et al. 2013; Roma-Rodrigues et al. 2017). Circulating
exosomes contain combinations of molecules (key proteins, mRNA, noncoding
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RNAs including microRNAs, DNA) representing the originating cell and reflect
tumor stage and specificity, being considered biomarkers of particular neoplastic
diseases. Moreover, exosomes secreted by tumor cells can modulate the phenotype
and genotype of recipient cells, contributing to pre-metastatic phenotype acquiring
and metastasis (van der Vos et al. 2011; Peinado et al. 2012). Secretion of exosomes
containing chemotherapeutic drugs is part of the multidrug resistance that tumor
cells develop after the onset of specific therapy (Peinado et al. 2012).

Significant amounts of data showed that gold nanoparticles coated with siRNA or
antibodies against key proteins can inhibit exosome genesis and secretion, as well as
exosome uptake in secondary cells (see Roma-Rodrigues et al. systematic review)
(Peinado et al. 2012).

2.4.3 The Use of Nanomaterials in Tumor Surgery

One potential use of nanomaterials in tumor surgery is the vital staining of sentinel
lymph nodes (SLNs) that drain the region in which cancer is located. Since SLNs are
the structures where first metastases are expected to develop, their surgical removal
hinders the metastatic process.

Carbon nanoparticles injected into peritumoral tissue are phagocytosed by mac-
rophages, taken up selectively by lymphatic vessels, and retained into SLNs
(Lu et al. 2017).

Carbon nanoparticle-loaded SLNs turn black and facilitate surgeons to harvest
them in order to reduce the chance of further metastasis (Wu et al. 2015).

The peritumoral injection of carbon nanoparticles in patients with colorectal
carcinoma or advanced gastric cancer was associated with a significantly higher
number of harvested SLNs compared with their corresponding controls (Cai et al.
2012; Yan et al. 2014; Li et al. 2016a).

Based on the same therapeutic approach, very recent clinical trials showed
encouraging results in breast and cervical tumors (Lu et al. 2017; Wu et al. 2015),
lung cancer (He et al. 2010), and papillary thyroid carcinoma (Xu and Gu 2016; Yu
et al. 2016).

Based on their broad absorption spectrum, single-walled and multilayer carbon
nanotubes could also be used for enhanced photoacoustic identification (PA) of
SLNs (including deep tissue imaging) (Pramanik et al. 2009). However, since both
single-walled and multilayer carbon nanotubes showed increased toxicity in vitro
and in vivo (animal models) (Muller et al. 2005; Wang et al. 2012b; Takanashi et al.
2012; Zhang et al. 2013), the biocompatibility of carbon nanotubes has to be further
investigated.

Recent findings (in vivo studies and clinical trials) indicate superparamagnetic
iron oxide nanoparticles (SPIONs) as a feasible alternative for identifying SLNs in
breast cancer (Finas et al. 2012; Pouw et al. 2015) and prostate carcinoma (Winter
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et al. 2014). As SPIONs are driven by magnetic field from injection site to lymph
nodes, they are capable to move through both lymphatic vessels and lymph-fat tissue
(Finas et al. 2012; Pouw et al. 2015; Winter et al. 2014). However, SPION’s ability
(guided by an external magnetic field) to move at different rates across all types of
soft tissue can also lead to accumulation in other structures than lymph nodes. A
good expertise of the surgeon is needed for a good intraoperative identification and
removal of SLNs.

In all cases, SLN dissection is associated with significant side effects such as
lymphedema, seroma, pain, and difficulty in moving the affected part of the body.
Under these circumstances, nanomaterial-based lymphatic mapping helps to avoid
extensive lymph node surgery by harvesting the metastatic nodules only, ultimately
benefiting the patients.

A second potential application of nanomaterials in surgical procedures (including
tumor surgery) involves nanoparticle-based medical adhesives used for surgical
wound closure (Rose et al. 2014; Meddahi-Pellé et al. 2014). Using an animal
experimental model (rats), Leibler et al. showed that an aqueous suspension of
iron oxide and silicon dioxide nanoparticles (50 nm) is able to rapidly connect
highly vascularized tissues (e.g., liver) as well as to glue medical devices or
bioengineered constructs to internal organs (Rose et al. 2014). The potential for
clinical applications of these nanoparticle-based adhesives is significant in most
cases: cancer surgery is highly invasive and associated with massive bleeding
which requires large and complex sutures. By reducing surgery-associated pain
and loss of blood, such nanostructured medical adhesives would speed up the
recovery in patients after surgical intervention.

2.4.4 Nanomaterial-Enhanced Radiotherapy

Both theoretical and in vivo studies showed that gold nanoparticles can successfully
act as inorganic sensitizers for kilovoltage radiotherapy, leading to significantly
enhanced antitumor effect compared with radiotherapy alone (Smith et al. 2012;
Hainfeld et al. 2008; Yao et al. 2016). For example, the 1-year survival rate increased
from 20% (control group) to 86% in mice with mammary tumors treated with gold
nanoparticles and radiotherapy (Hainfeld et al. 2008). No similar results were
obtained so far for TiO2 nanoparticles (used as sensitizers in photodynamic therapy)
(Smith et al. 2012).

The main advantage of using inorganic nanomaterials to enhance the effect of
radiotherapy is that the radiations can be reached more quickly in cancer tissues (due
to preferential accumulation of nanomaterials in the neoplastic region) compared
with normal tissues. This aspect is very important given that radiotherapy alone is
not tumor specific.
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2.4.5 Iron Replacement Therapy

Iron oxide colloids (IOC) (iron dextran, iron sucrose, iron gluconate, and iron
carboxymaltose colloids) are useful adjuvants in antitumor therapy, in treating
iron-deficient anemia associated with cancer, especially in advanced stages of the
disease (Anselmo and Mitragotri 2016b). IOC are more efficient and have lower
associated risks compared with free iron (Anselmo and Mitragotri 2016b).

2.4.6 Antitumor Hyperthermia

Hyperthermia is a cancer treatment method in which body tissue is exposed to high
temperatures (up to 45 �C). Such temperatures can kill cancer cells while producing
minimal damage to normal tissue.

Hyperthermia alters the fluidity and stability of cell membranes and cytoskeletal
organization, leads to denaturation of cellular proteins, and hinders the repairing of
radiation-induced DNA damage. By increasing the expression level of heat shock
proteins which, in combination with tumor-specific proteins, promotes the activation
of T cells against tumor cells, hyperthermia increases the immunogenicity of the
tumor (Hildebrandt et al. 2002). The thermal dose required to induce hyperthermic
cell death varies significantly between different types of cells.

Magnetic Nanoparticles: Heat Dissipation Under Alternating Magnetic
Fields

When magnetic nanoparticles are excited by external variable magnetic fields, they
dissipate energy in the form of heat into the surrounding environment (Landi 2013;
Wildeboer et al. 2014; Rosensweig 2002). A discussion regarding the physical
mechanisms of magnetic heat generation goes beyond the purpose of this book
chapter.

The parameter that characterizes the heating efficiency is the specific absorption
rate (SAR), defined as

SAR ¼ c
ΔT
Δt ð2:24Þ

In Eq. 2.24, c is the specific heat capacity, measured in JK�1 kg�1, and ΔT is the
temperature rise during the time interval Δt. Thus, the SAR represents the heating
power generated per unit mass of magnetic nanomaterial.

The experimental determination of SAR is based on the analysis of the heating
curves, T(t), recorded for magnetic fluid samples (magnetic colloids) exposed to
alternating magnetic fields. Various discussions on methods for SAR calculation can
be found in the literature (Wildeboer et al. 2014).
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The efficacy of biocompatible magnetic nanoparticles as heat sources for
antitumor hyperthermia was investigated in animal models (Balivada et al. 2010;
Hu et al. 2011; Arriortua et al. 2016) and, rarely, in clinical trials (Johannsen et al.
2007a, b). Efficient and well-localized ablation of mice carcinomas (78%–90% with
respect to controls) was achieved using hyperthermia induced by commercial Fe3O4

nanoparticles coated with PEG, treating tumors being resorbed in 1–2 days (Huang
and Hainfeld 2013). The significant success of the used method originated in
multiple factors such as intravenous delivery (adequate for loading carcinoma),
low systemic toxicity of the therapeutic nanoparticles, good magnetic material
localization in the tumor region, and efficient heating (due to material and applied
field characteristics) (Huang and Hainfeld 2013).

Superparamagnetic nanoparticles were used in an extended clinical study aiming
to assess hyperthermia-related morbidity and quality of life in patients with locally
recurrent prostate cancer (biopsy-proven). Ten patients without metastasis were
enrolled in a phase I clinical trial (Johannsen et al. 2007a, b). The magnetic fluid
was injected into the cancer tissue transperineally, and alternating magnetic fields
were applied in order to deliver thermal therapy. Each patient received six
60-min-long treatment sessions at weekly intervals. The procedure was feasible
and well tolerated in patients with locally recurrent prostate cancer, hyperthermic
to thermoablative temperatures being achieved in the tumor tissue at 25% of the
available magnetic field strength.

Plasmonic Photothermal Therapy (PPTT)

Photothermal therapy (PTT) is a type of antitumor hyperthermia in which the heat is
generated by conversion of photon energy through surface plasmon resonance
(SPR). SPR occurs due to the interaction of conduction electrons of metal
nanoparticles with incident light beams, radio-/microwaves, or sound waves. The
interaction depends on the size and shape of the metal nanoparticles and on the
characteristics (state, composition) of the dispersion medium.

The therapeutic applications of visible PPTT are limited since visible light cannot
penetrate deep into the tissue. Near-infrared (NIR) light, however, is minimally
absorbed by hemoglobin and water molecules, and it is preferred for in vivo studies
and therapy (Huang and El-Sayed 2011).

Using a mouse model and gold nanoshells intratumorally injected, Halas et al.
showed that breast cancer-xenografted tumors were destroyed after several minutes
of NIR laser irradiation. Subsequent studies revealed that more than half of treated
mice experienced complete eradication of the tumors with no regrowth after 90 days.
Liver- and spleen-accumulated gold nanospheres started to be eliminated out of the
body after 6 months (O’Neal et al. 2004; James et al. 2007).

Li et al. studied the importance of targeting for the efficiency of PPTT with gold
nanocages (Lu et al. 2009). The used targeting ligand was a synthetic analog of
α-melanocyte-stimulating hormone (MSH) that targets the melanocortin type
1 receptor overexpressed in melanoma tumors xenografted in mice. Results indi-
cated significantly increased tumor affinity and reduced metabolic activity
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(associated with necrotic response by histologic examination) after targeted PPTT
compared to the non-targeted case.

The obtained results suggest that NIR-absorbing plasmonic nanoparticles are
good candidates for antitumor PPTT.

The heat generated during PPTT can also be used to optically induce the release
of drugs transported via plasmonic nanoshells (nanostructures composed of a dielec-
tric core coated with a metal shell) embedded in thermally responsive polymers that
form hydrogels. The hydrogels store the drug solution and expel it when heated by
PPTT (Sershen et al. 2001).

Irrespective of the heat generation mechanism, hyperthermia represents an adju-
vant cancer therapy which enhances the efficiency of conventional methods by
influencing the blood flow, oxygen, and nutrient supply and the immune response
in tumor stroma. Heat effects alone are not sufficient to replace conventional cancer
treatment strategies.

2.4.7 Photodynamic Therapy (PDT)

Photodynamic therapy (PDT) is defined by the American Cancer Society as “a
treatment that uses special drugs, called photosensitizing agents, along with light
to kill cancer cells” (https://www.cancer.org/treatment/treatments-and-side-effects/
treatment-types/photodynamic-therapy.html). Light-activated chemotherapeutic
agent allows PDT to be minimally invasive and precisely targeted to the tumor
tissue. Clinical applications of PDT are limited though, because the light is not able
to reach deep tissues in the body to activate the photosensitizers (You et al. 2016).
Nanoparticles may act as “passive” PDT agents (carriers of photosensitive drugs) or
“active” PDT agents (when nanoparticles generate ROS on their surface). While
gold and silica nanoparticles have been used as passive carriers of photosensitizers
(Smith et al. 2012; Chatterjee et al. 2008), TiO2 gives the most representative
example of “active” PDT nanoparticles, based on its photocatalytic properties
(Smith et al. 2012; Chatterjee et al. 2008).

Photocatalysis refers to the ability of some solid semiconductor materials to
initiate and sustain certain surface chemical reactions when acted upon by light at
different wavelengths. The semiconductor is assumed to act only as a reaction
substrate and charge carrier source while remaining chemically unaltered during
the catalytic process.

General Description of Photocatalysis

When a semiconductor particle is immersed into an aqueous solution, ions or
molecules in that solution may be adsorbed or chemically bounded on the surface
of the particle. As an example, titanium dioxide TiO2 has the tendency to become
hydroxylated due to the binding of hydroxyl groups on its surface (Carp et al. 2004).
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Electrostatic forces may also play a significant role, leading to the accumulation of
undissolved ions at the semiconductor-solution interface. These forces appear due to
the presence of charge carriers – electrons and holes – in the near-surface region of
the semiconductor particle. Carriers are generated in the bulk, or near the surface of
the particle, when this is exposed to light of sufficient energy to induce relevant
electronic transitions within the semiconductor. On the surface of the semiconductor,
these charge carriers can produce oxidation or reduction of adsorbed molecules,
leading to specific chemical reactions. Photocatalysis is thus a complex process
involving semiconductor physics as well as interface and chemical phenomena.
Although the literature comprises a large number of studies concerning different
photogenerated species like electrons and holes (Dung et al. 1982; Rothenberger
et al. 1985; Kamat 1985), superoxide (Ishibashi et al. 1998), singlet oxygen
(Hirakawa and Hirano 2006; Nosaka et al. 2004), hydrogen peroxide (Kubo and
Tatsuma 2004), and hydroxyl radicals (Murakami et al. 2006), the discussion is still
far from being closed (Eberl 2008).

In case of systems composed of different types of molecules, the overall absor-
bance of the system is the sum of absorbances corresponding to each type of
molecule.

The ability of TiO2 nanoparticles to induce ROS-mediated toxicity under normal
conditions (Fujiwara et al. 2015; Ramires et al. 2001; Peters et al. 2004; Gurr et al.
2005; Dubey et al. 2015; Popescu et al. 2016; Long et al. 2006) or when they are
photoactivated (You et al. 2016; Zhang and Sun 2004; Rozhkova et al. 2009;
Moosavi et al. 2016) was considered as an alternative to conventional
ROS-generating chemotherapeutic agents. One of the main advantages of using
TiO2 NPs as therapeutic agents is the high stability of TiO2 to degradation by
ROS (You et al. 2016).

Rozhkova et al. used undoped 5 nm TiO2 nanoparticles conjugated with
IL13α2R-targeting antibody (anti-human-IL13α2R) to target and destroy malignant
glioma (glioblastoma multiforme (GBM)) brain tumor cells. Results indicated that
the used nanoconjugates bind exclusively to GBM cells and, under exposure to
visible light, initiate the production of ROS, damaging the cell membrane and
inducing apoptosis of the cancer cells (Rozhkova et al. 2009).

Efficient PDT was achieved using nitrogen-doped titanium dioxide (N-TiO2)
nanoparticles activated by visible light, which induced in a controlled manner
ROS production and subsequent autophagy in leukemia K562 cells and normal
peripheral lymphocytes. The observed effect was dependent on nanoparticle con-
centration and light doses, thus allowing to prime the autophagy (needed for
apoptotic cell death) via controlled levels of ROS production (Moosavi et al.
2016). Xie et al. used nitrogen-doped TiO2 nanoparticles conjugated with folic
acid (N-TiO2-FA) and tested the efficiency of targeting and photodynamic effect
on human nasopharyngeal carcinoma (KB) (overexpression of folate receptors (FR))
and human pulmonary adenocarcinoma (A549) (used as FR-negative) cells. The
results showed that KB cells had twofold higher uptake efficiency compared to A549
and a significantly higher photokilling effect under visible light irradiation (Xie et al.
2016).

2 Therapeutic Use of Inorganic Nanomaterials in Malignant Diseases 73



The photodynamic effect of TiO2-based nanomedicines was also investigated
in vivo. For instance, Lucky et al. performed a lengthy and complex study regarding
the use of near-infrared (NIR) excitable upconversion TiO2-based nanoparticle as
PDT agents for targeted treatment of head and neck cancers. The used nanostructures
were anti-EGFR-PEG-TiO2 conjugates that targeted the epithelial growth factor
receptor (EGFR). Subacute and long-term toxicity was assessed after systemic
delivery of a 50 mg/kg dose of PDT nanomedicine, based on blood biochemical,
hematological, or histopathological changes. Results showed no major toxic effect
induced by the tested nanomedicine. Moreover, significant delays in tumor growth
and enhanced survival rates were observed in mice treated with the TiO2-based
nanomedicine compared to conventional chlorin-e6 (Ce6) PDT (Lucky et al. 2016).

2.5 Discussion

One important cause for the huge mortality of cancer is its late detection. Cancer
develops as an insidious disease and clinical symptoms, which send the patient to the
doctor, appear in already advenced stages. Cancer prevention and early therapeutic
intervention are of primary importance.

Even if it is conceivable, inorganic nanoparticles (functionalized or not) are not
used in cancer prevention yet. In turn, they are widely used as contrast agents for
imaging (e.g., MRI) as well as for analytical detection of tumor-associated bio-
markers (Krishnan and George 2014; Oyarzun-Ampuero et al. 2015).

A significant number of studies are dedicated to finding an anticancer vaccine
which, similar to classical vaccines, simulates an infection and stimulates the
immune system to fight against the “pathogen.” The efficacy is limited though.
Unlike classical vaccines which have a preventive role, anticancer vaccine should
work after the onset of the disease, when the interactions between the immune
system and the tumor cells are already changing.

Since the antigen expression of premalignant and early stage cancer cells is often
similar to that of normal cells, growth of cancer is not accompanied by strong
“danger signals” and proinflammatory signals, and the immune system does not
initiate an effective antitumor response (De Vries and Figdor 2016).

As tumor microenvironment is usually hypoxic, infiltrating immune cells are
inhibited and become unable to initiate and sustain a strong immune response
anymore, even if cancer cells present antigens that normal cells don’t usually
express. Moreover, a wide variety of chemokines secreted by tumor cells contributes
to induce tolerance in immune cells and immunosuppression (De Vries and Figdor
2016; Prado-García and Sánchez-García 2017; Hagerling et al. 2015).

Despite the fact that neoplastic transformation and tumor growth represent
consequences of combined multiple genetic lesions, in some cases a dominant
oncogene seems to be sufficient for cancer development. The inhibition of this
specific oncogene could lead to the inhibition of malignant phenotype (Norton and
Massagué 2006). Targeting this “oncogene addiction” is a challenge for anticancer
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gene-targeted therapy. Even if some inorganic nanomaterials (e.g., gold
nanoparticles) are able to efficiently deliver nucleic acids to tumor cells (Conde
et al. 2012; Kouri et al. 2015; Frosina 2016; Mendez et al. 2017), no inorganic
nanomaterial-based gene-targeting agent was introduced so far in anticancer
clinical care.

Nanomaterials used in cancer therapy must not induce, promote, or maintain
tumorigenesis and/or metastasis. If during premalignant stages immune system
contributes to the recognition and destruction of transformed cells, in more advanced
stages, immune processes are partially reprogrammed, and inflammation switches
from friend to foe and promotes tumor development and metastasis by creating a
mutagenic microenvironment able to accelerate cell transformation or to induce new
mutagenic events (Hagerling et al. 2015; Grivennikov et al. 2010; Candeias and
Gailp 2016). In advanced cancer patients, systemic inflammation is already installed,
and eventual accumulation in non-tumor tissues of nanomaterials known to induce
excessive ROS generation and activate inflammatory signaling pathways should be
considered as potential disease-promoting factor. Further extensive studies are
needed to establish dose ranges and treatment schemes for inorganic nanomaterial-
based therapeutic agents.

As moderate oxidative stress (mediated especially through superoxide and hydro-
gen peroxide signaling) stimulates survival and proliferation of malignant
transformed cells (Afanas’ev 2011), it is possible that nanomaterials with low
toxicity for the organism to produce insufficient amounts of ROS and, in fact, to
promote tumor development. Finding ways to increase the generation of ROS by
nanomaterials at the tumor site only or to make cancer cells more susceptible to the
proapoptotic action of ROS is of major importance for the therapeutic quality of
inorganic nanomaterials. On the other hand, when designing and testing ROS
generating nanomaterials functionalized with antitumor agents, one should consider
the stability of the functionalizing agent against the action of ROS directly released
by nanomaterial.

Moreover, since the same drug may act in different ways due to variation in gene
expression for the corresponding drug-metabolizing enzymes (Karlow 2006), the
therapeutic doses need to be permanently correlated with patient’s metabolic
response.

The assessment of anticancer effectiveness of nanomaterial-based nanomedicines
against their adverse effects requires data regarding implications of long-term
exposure to the used inorganic nanomaterials. It is already known that metal oxide
nanoparticles (e.g., titania nanoparticles) and carbon nanoparticles can lead to
inflammatory responses (Dubey et al. 2015; Long et al. 2006; Niwa et al. 2008).
The side effects of silica nanoparticles are related to cellular immunity (splenocyte
proliferation associated with phenotypic alteration of spleen-derived lymphocytes,
increase in NK and T lymphocyte distribution, decrease of B cell distribution) (Park
and Park 2008). Nanoparticles can also induce epigenetic effects. Li et al. (2016b)
demonstrated that both single-walled and multi-walled carbon nanotubes signifi-
cantly increase DNA methylation in A549 cell line (human lung epithelial cells)
(Li et al. 2016b). The possibility of MDR development as a result of long-term
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exposure to nanomedicines containing inorganic nanoparticles should also be taken
into consideration in future studies.

Since there are no standard in vitro methods to evaluate the biocompatibility and
antitumor effects of inorganic nanomaterials and considering the multitude of
nanomaterial types and properties obtained by different synthesis methods, it is
difficult to compare results obtained by different research groups using different
materials, cell lines, and bioassays.

The currently available body of scientific data was mainly obtained based on
in vivo studies, using animal species with different genetic background and meta-
bolic pathways as well as different amplitude of response compared with humans.
For example, the metabolic processes in mice are faster than in humans, and higher
concentrations of therapeutic compounds can be used in mice compared with
humans. Moreover, differences between human and murine immune systems sig-
nificantly influence both the onset and the progression of tumors (Zitoogel et al.
2006; Mestas and Hughes 2004), and animal studies have a limited predictive value
regarding cancer evolution in humans. Good evaluation of previous published data
and rigorous methodological flow in animal studies are key players in nanomedicine
research translation toward clinical trials (van der Worp et al. 2010).

Various formulations of nanomedicines can be designed based on the same type
of inorganic nanomaterial, by engineering its physicochemical properties and using
different functionalization agents. For already approved nanomedicines containing
inorganic nanomaterials, additional studies are needed to identify potential applica-
tions of inorganic nanomaterials in treating additional cancer types or for new
combinations with other therapeutic agents.

Numerous studies have revealed the valuable potential of inorganic nanomaterials
for applications in cancer therapeutics. Based on their specific physicochemical
properties, nanomaterials offer new antitumor action principles associated with
innovative physical therapeutic methods such as magnetic hyperthermia, plasmon
photothermal therapy, and photodynamic therapy. By surface functionalization with
therapeutic molecules, nanomaterials can exert targeted antitumor action with higher
efficiency, lower adverse effects, and diminished multidrug resistance in comparison
with standard therapeutic approaches.

At present, nanomedicines based on inorganic nanomaterials can only be con-
ceived as adjuvant therapeutic strategies against cancer. Further research endeavors
are required in order to establish weather inorganic nanomaterials can lead to stand-
alone treatment methods against neoplastic diseases.
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Abstract The modern development of mankind is inextricably linked with the
improvement of existing thermoplastics and thermosets, as well as the creation of
new polymers, for example, nanomodified polymer composite materials, with new
operational properties. The main problematic situations that occur in the develop-
ment of these polymeric composite materials are obtaining of defect-free composite
structures, practically without air inclusions, a uniform distribution of the reinforcing
filler over the cross-section of the composite to ensure the completeness of the
properties of the constituent components of the composite, and also to improve the
properties of the components of which the composite consists. At the same time, a
“cementing” role is assigned to the polymer matrix in the structure of the composite,
which determines the direction of improvement of its structural, technological, and
operational properties, for example, by modification. At present, the modification
(physical as ultrasonic, chemical, and physicochemical) is the basic direction of
improving the technological and operational characteristics of classical and
nanomodified polymer composite materials. For nanomodified polymer composite
materials, the need to deagglomerate and uniformly disperse nanomodifiers, for
example, carbon nanotubes, in a liquid polymer matrix is added to the above
problematic situations. This is due to the fact that these nanomodifiers due to their
physical nature in the initial state are prone to aggregation, thereby impairing the
properties of the final nanocomposite into which they are incorporated. Equally
important is the design of technology and equipment for energy- and resource-
saving, as well as highly productive molding of composites with predetermined
properties.

We reviewed that ultrasonic modification is widely used in many branches of
industry and technology, for example, in chemical engineering for molding both
thermosetting plastics and thermoplastics. The achievement of the necessary positive
result from the cavitation effect in liquid polymeric media can be attained by varying
the parameters of the cavitation treatment (frequency, amplitude, intensity, pressure,
temperature, volume of the liquid medium being treated). The total height of the
epoxy composition lift (the productivity of ultrasonic impregnation) in the impreg-
nation of fibrous fillers with previously sonificated epoxy composition increases by
2.5–3 times. Ultrasonic treatment allows to increase the deformation-strength and
adhesion characteristics of materials, to lower the level of residual stresses, to
increase the durability, and, moreover, to significantly shorten the hardening time.
Also low-frequency ultrasonic treatment is one of the most effective methods for
distributing carbon nanotubes evenly in a polymer matrix. It was investigated that
nanomodifiers lead to improved tensile strength and deformation, fatigue strength,
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electrical conductivity, and glass transition temperature. For example, we investi-
gated that the strength of nanomodified polymer composite materials is lead to
improved due to an insignificant (8%) increase of the elasticity modulus and a
considerable (25%) increase of the fracture strength (8%) of the studied
nanocomposites. It was showed that the physico-mechanical characteristics improved
after nanomodification of an epoxy binders by an average of (20–30)%; the compres-
sion strength limit and heat resistance, by 70%. The destructive load of fiberglass
increased by 2–3 times. Also the complexity of solving the problem of designing a
technology and equipment for the production of classical reactoplastic polymer
composite material is due to the need to investigate a set of issues, concerning with
studying the interrelations between the structural, mechanical, and geometric param-
eters of products, on the one hand, and the technological factors of their production, on
the other hand.

Keywords Reactoplast · Oligomer · Composite · Filler · Carbon nanotube ·
Modification · Ultrasonic · Cavity · Production · Properties

Abbreviations

CNM Carbon nanomaterial
CNT Carbon nanotube
EO Epoxy (epoxide) oligomer
EB Epoxy (epoxide) binder
EC Epoxy (epoxide) composition
EP Epoxy polymer
PCM Polymer composite material
NM Nanomodified
NM PCM Nanomodified polymer composite material
MWCNT Multi-walled carbon nanotube
US Ultrasonic

3.1 Introduction: Modification as Basic Direction
of Improving the Technological and Operational
Characteristics of Classical and Nanomodified Liquid
Polymeric Media and Reinforced Polymeric Composites

In the last two and a half decades, nanotechnology has been actively developed all
over the world. With respect to traditional and nanomodified polymers and
reinforced polymeric composites based on them, modification methods are
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considered as a basic direction of improving their technological and operational
characteristics. At present, the modification (physical as ultrasonic – US, chemical,
and physicochemical) is the basic direction of improving the technological and
operational characteristics of classical and nanomodified (NM) elastomers and
reinforced polymer composite materials (PCM) based on them (Harris 2004;
Kolosov 2014a).

Of the same importance are the design issues of the technological process of
producing classical and NM polymer composite materials (NMPCM) (Kolosov
2015a). In this case, the use of US modification and intensification is the main
method of increasing the productivity of the process and improving the performance
characteristics of such materials (Kolosov et al. 2012a, 2014b).

PCM-containing carbon nanomaterials (CNM), in particular, carbon nanotubes
(CNTs), have been researched since the end of the 1990s, when these materials
became available in relatively large quantities (Harris 2004). Such studies are much
rarer than those dedicated to the use of fullerene. However, interesting practical
results have been obtained (Aldoshin 2008). Many processing and operational
characteristics of elastomers and liquid polymers can be increased considerably
(sometimes several times) by modifying them with small amounts of nanoparticles,
e.g., fullerenes, nanotubes, nanowires, inorganic nanoparticles, etc. (Karpacheva
2000; Wang et al. 2004; Badamshina and Gafurova 2008; Luzgarev et al. 2013;
Kondrashov et al. 2013). For this, effective methods for dispersing CNT in organic
solvents and liquid polymeric media are required.

A number of studies have been devoted to the preparation, enhancement of
operational properties, and the use of reactoplastic NMPCM. In particular, the
prospects for development and practical application of nanotechnology, including
for production of NMPCM, were analyzed in terms of the achievements of modern
science and technology (Kolosov 2015a). Effective technical means (methods and
devices) designed to produce reactoplastic NMPCM that provide increased strength
and service life for structures based on them were analyzed (Kolosov 2016a).
Effective methods for dispersing CNT in organic solvents and liquid polymeric
media were analyzed (Kolosov 2016b).

Features and problems of producing reactoplastic NMPCM were considered
using modification of epoxide oligomers with CNT as an example (Kolosov
2016c). The characteristics of reactoplastic NMPCM were analyzed using structural
carbon fiber prepregs as examples (Kolosov 2017).

The results obtained both in the abovementioned and in other studies provide
prerequisites for further studies on the improvement of effective methods for the
modification of classical and NM liquid polymer media and reinforced PCM based
on them. The abovementioned aspects are briefly described in this chapter.
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3.2 Physical Modification of Liquid Polymeric Media
and Reinforced Polymeric Composites: Methods
and Means

3.2.1 Physical Modification of Liquid Polymeric Media by
Ultrasonic

As the main method of physical modification of liquid polymer media and reinforced
PCM based on them, US low-frequency cavitation is currently used. At the same
time, the achievement of the necessary positive result from the cavitation effect can
be achieved by varying the parameters of the cavitation treatment (frequency,
amplitude, intensity, pressure, temperature, volume of the liquid medium being
treated).

On the other hand, the hardening value depends on the particular type of oligomer
to be processed and can be up to 40–50% for classical thermosets or several times
(depending on the type of nanomodifier) for nanomodified reactoplastics (Kolosov
2014c, 2016c). The effect of low-frequency US treatment regimes on reactoplastic
PCM operating properties was analyzed. An example was provided for effective US
treatment by the technology developed compared with known methods (Kolosov
2014c).

The analysis of the specific features of the realization of US modification of liquid
media indicates that it is promising to carry out such a modification of liquid epoxy
oligomers (EO) and epoxy compositions (EC) used in the molding of reactoplastic
PCM. Moreover, such a modification is effective both in the low-frequency and
mid-frequency US ranges.

The effect of heterofrequency US treatment on reactoplastic PCM operating
properties was analyzed. It was established established for effective process param-
eters of heterofrequency US cavitation in liquid EC, and this makes it possible to
select effective energy-saving processing base parameters for preparing epoxy poly-
mers (EP) based upon them (Kolosov 2014d).

The use of excessive pressure in the US treatment of liquid polymeric media, for
example, during the molding of epoxy muffs with shape memory effect, is an
important factor in increasing the intensity and shortening the processing time, as
well as the cumulative production time of the finished product. The effect of
low-frequency US treatment regime and excess pressure on reactoplastic PCM
(unfilled and filled with short-fiber fillers) is analyzed. Optimum process parameters
are established for US treatment of liquid epoxy composites (Kolosov 2014e).
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These effective parameters, as a rule, are set experimentally in each specific case.
The found optimal parameters of US cavitation processing lead to an increase in the
physico-mechanical properties of solidified oligomers (Harris 2004; Karimov et al.
1989).

3.2.2 Ultrasonic Modification of Reinforced Polymeric
Composites

Effective US modification of reinforced polymeric composites allows to achieve
several results at once. Firstly, there is US activation of the surface and structure of
the fibrous filler to improve its wettability with EC. Secondly, there is degassing of
the structure of the filler just before it is impregnated. Thirdly, there is an increase in
the productivity of the impregnation process and the dosed application of the EC by
increasing the speed of pulling the filler while preserving the properties of the final
composite. Finally, the use of US is an effective method of stabilizing the content of
epoxy binder in impregnated woven filler, with variation in the speed of its stretching
during the dosing process.

It has been experimentally established that as a result of the application of
effective US treatment regimes in the impregnation of oriented fibrous fillers, the
total height of the EC lift (the productivity of US impregnation) in the impregnation
of fibrous fillers with previously sonificated EC increases by 2.5–3 times (Kolosov
et al. 1989). In addition, US treatment allows to increase the deformation-strength
and adhesion characteristics of materials, to lower the level of residual stresses, to
increase the durability, and, moreover, to significantly shorten the hardening time
(Kolosov et al. 1990).

Technological bases of impregnation of fibrous fillers and dosed application of
epoxy binders on them with application of US were developed. Improved high-
performance designs of impregnation and dosing unit on serial impregnating and
drying equipment. It is established that the use of the developed energy-saving and
environmentally safe technical means makes it possible to utilize highly viscous and
highly concentrated impregnating compounds. In addition, quality is increased and
the productivity of the impregnation process is increased, and uniform impregnated
PCM is obtained practically without air inclusions.

It is these factors that determine the choice of US as the dominant method of
physical modification of fibrous PCM at the main stages of their production.

3.2.3 Technical Means for Ultrasonic Modification

US modification is widely used in many branches of industry and technology, for
example, in chemical engineering for molding both thermosetting plastics and
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thermoplastics. Some examples of the application of US modification are presented
by repair and restoration technologies of polyethylene gas pipelines. Aspects of
connection and restoration of polymeric pipelines for gas transport from the point of
view of efficiency of US modification and heat shrinkage are studied in Kolosov
et al. (2011a). Production bases for molding of epoxy repair couplings with shape
memory are represented in Kolosov et al. (2011b). Analysis of surface treatment
methods for polyethylene pipes connected by banding and low US treatment is
presented in the study done by Kolosov et al. (2011c). Characteristics of practical
implementation of production bases developed using epoxy glue compositions and
banding are investigated in Kolosov et al. (2011d). Aspects of thermistor couplings
and components used in gas pipeline repair with US treatment are presented in
Kolosov et al. (2011e).

Existing technical means for US modification of liquid, in particular, polymer
media, and reinforcing fillers on their basis can be conditionally divided into US
concentrators – speed transformers and radiating plates. The first type of US
equipment is used primarily for processing liquid polymer media, including when
nanomodifiers are incorporated into them. The second type of US technical means is
used primarily for processing the impregnated woven fibrous fillers. For both types
of US technical means, it is necessary to determine the effective design and techno-
logical parameters (Kolosov 2012b).

The first type of radiators has been studied quite fully, while a number of
problems arise in calculating the second type of US technical means. When using
powerful emitters used in various technological processes, first of all, it is necessary
to control the level of intensity. Otherwise, such undesirable changes as mechanical
destruction, chemical reactions, etc. can occur in the liquid medium being treated. In
addition, the level of intensity and frequency of oscillations must meet the sanitary
standards and requirements of the technology used. In this regard, it is advisable to
analyze the effective technical means of cavitation processing with a radiating plate
that generates US vibrations necessary for specific technological processes, as well
as corresponding improved methods for calculating these technical means.

The existing unevenness of bending vibrations under the action of an US field
along and across the outer surface of the radiating plate makes it difficult to rationally
use US transducers in automated technological installations. This is particularly
evident in the contact treatment of woven materials of considerable width. As a
result, the appearance of defective portions of the resulting final PCM is possible.

Analytical peculiarities of US cavitators based on piezoceramic transducers with
a radiative plate, which experiences bending vibrations, are analyzed. The acoustic
dimensions of components of a sectional piezoelectric transducer used in the pro-
duction process of contact US treatment of a dry 1120-mm-wide cloth impregnated
with a polymeric binder are calculated (Kolosov et al. 2013). The approaches
developed by the authors to determine the effective design and technological
parameters make it possible to eliminate the nonuniformity of the above-bending
vibrations (Kolosov et al. 2012b, 2013). The implementation of the developed
approaches allows to obtain practically defect-free classical PCM and NMPCM.
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3.2.4 Process Design for the Production of Classical
and Nanomodified Composites with Ultrasonic
Modification

The complexity of solving the problem of designing a technology and equipment for
the production of reactoplastic PCM is due to the need to investigate a set of issues.
These issues are aimed at identifying and studying the interrelations between the
structural, mechanical, and geometric parameters of products, on the one hand, and
the technological factors of their production, on the other hand. The subject of
researching the technology of manufacturing products from PCM is the patterns
that establish not only the interrelations but also the mutual influence of technolog-
ical factors. The latter determine in certain pre-defined production conditions the
production of the required performance characteristics of manufactured products
from PCM within the limits of design deviations.

Thus, for example, the kinetic equations of longitudinal and transverse impreg-
nation of oriented fibrous fillers with polymeric binders make it possible to predict
the speed of broaching the fibrous filler through the impregnating bath and also to
design its dimensions (Kolosov 1988). The study of the influence of technological
impregnation regimes on the strength of impregnated and cured fibrous fillers makes
it possible to design the optimum force of impregnated fibrous fillers during winding
(Kolosov et al. 1988; Kolosov and Repelis 1989).

To minimize material and time costs, it is necessary to use effective approaches
for modeling the design and technological parameters of technology and equipment
(tools) constructions for the production of reactoplastic PCM. This should be done
taking into account the specifics of the objects being modeled, in particular, by
adapting the perspective methodology of structural-parametric modeling to solve
specific problems (Kolosov et al. 2015). The principle of the system approach
assumes the analysis of the investigated object simultaneously and as a set of certain
interrelated elements and as a potential component of the higher hierarchical level.
Therefore, it seems expedient to separate the investigated structural scheme of the
impregnation and dosing application of the polymer binder onto a long fibrous filler
using US into separate structured blocks.

These blocks represent the corresponding base processes, and in this case include
(1) US treatment unit for EO and preparation of impregnating composition (EC),
(2) a block of “free” impregnation of oriented fiber filler with liquid EC, and (3) a
block of dosed application of liquid EC to impregnated fibrous filler. In the future,
only the above-enlarged blocks and their constituent structural elements are ana-
lyzed, as well as the interrelations between them, within the framework of the
synthesis.

It should be noted that research and modeling of the full technological cycle for
obtaining high-strength and defect-free classical PCM and NMPCM and the entire
complex of equipment realizing it, are extremely difficult tasks that have not yet been
solved.
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3.3 Modification of Oligomers and Reinforced Polymeric
Composites by Carbon Nanotubes

3.3.1 Bulk Content of a Nanofiller in a Polymer Composite

Even small additions of CNT (1–2%, sometimes 0.1–0.3%) can increase by several
times the elasticity modulus and tensile strength of a reactoplastic polymer (Coleman
et al. 2006). The thermal and electrical conductivity of the polymer is sharply
increased at the same time. CNT additives can also expand the operating temperature
range of NMPCM by increasing the glass-transition temperature Tg (Aldoshin 2008).

The conditions required to produce NMPCM are a small size and CNM particle
distribution as uniform as possible in the polymeric matrix. The tendency of CNM to
aggregate hinders the preparation of stable CNT dispersions in water and organic
solvents (including polymers). Therefore, effective methods for facilitating aggre-
gate disintegration are being actively pursued (Atovmyan et al. 2005). These include
chemical modification of CNM by low-molecular-mass compounds and polymers to
form covalent bonds between the modifier and CNT and non-covalent modification
of CNM by both low-molecular-mass and polymeric surfactants.

Polymethyl methacrylate was used as an example (Aldoshin 2008) to illustrate that
small additives (10�2

–10�3 wt.%) of carboxylated multi-walled CNT (MWCNT) to
the starting reaction mixture can increase the dynamic elasticity modulus of the
polymers by 1.5–2 times. The yield (change of sample linear dimension) of the
polymers decreases by ~3 times on passing the glass-transition temperature Tg. The
effect reaches a maximum at MWCNT concentrations of ~0.05 wt.%.

Thus, a serious scientific effort to study and design new NMPCM with improved
operational characteristics as compared with the starting polymers was undertaken.
This helped to extend the service life (and decrease the materials consumption, mass,
and dimensions) of parts prepared from NMPCM (Aldoshin 2008).

3.3.2 Chemical Modification of CNT

Practical application of CNT is hindered by their insolubility (in particular, in
aqueous media) and tendency to aggregate and form linkages, channels, etc.
(Priluts’ka et al. 2009). Aggregates form because of the hydrophobicity of the
CNT and the action of intratubular forces, e.g., van Der Waals and electrostatic
interactions.

Various chemical modification methods (oxidation, non-covalent, and covalent
functionalization) and US action are used to improve the properties of colloidal CNT
dispersions (Smart et al. 2006; Hirsch 2002). For example, oxidation of CNT by various
acids forms CNT with carbonyls and/or carboxylic acids on the CNT ends and walls
(Prylutska et al. 2008). However, such modification can alter the CNT properties.
Ultrasonication of their aqueous suspensions, a commonly employedmethod for altering
CNT solubility, is used for accelerated dispersion of CNT (Andrews et al. 2002).
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A unique method for chemical modification of CNT is non-covalent
functionalization, i.e., formation of CNT complexes with organic molecules through
non-covalent bonds (van der Waals or π-π stacking interactions). Various polymers
and biological macromolecules such as peptides and nucleic acids act as organic
molecules (Andrews et al. 2002). An advantage of this method is that the electronic
structure of the CNT surface is preserved (Priluts’ka et al. 2009).

Covalent functionalization of CNT involves covalent attachment of molecules,
e.g., peptides, organic acids, polyamines, and poly-L-lysine, to CNT walls in order
to improve their solubility (Fig. 3.1). It was achieved via 1,3-dipolar cycloaddition,
amination, or esterification of COOH groups after CNT are purified of side products
(amorphous C and the metal particles used to grow the CNT (Priluts’ka et al. 2009).

An important advantage of both covalent and non-covalent functionalization is
that more stable colloidal dispersions based on these CNTs can be prepared and new
nanomaterials can be formed from them.

Besides that, poly-ionic liquid (PIL) is an important modifier of NM PCM. Thus,
the preparation of a gel for ionic liquids with CNT has allowed to expand the spectrum
of the use of ionic liquids as modifiers for CNT (Takanori Fukushima and Takuzo
Aida 2007). For example, upon being grounded into ionic liquids, CNT bundles are
untangled. And the resultant fine bundles form a network structure of CNT. This is
due to the possible specific interaction between the imidazolium ion component and
the π-electronic CNT surface. As a result, the received gelatinous materials, consisting
of highly electroconductive nanowires and fluid electrolytes, can be utilized in a
wide variety of electrochemical applications. Among them one can single out
sensors, capacitors, and different kinds of actuators. Besides that, the poly-ionic
liquids allow for non-covalent and covalent modifications of CNTs and fabrication
of PCM with enhanced physico-mechanical properties. The processing of CNTs

Fig. 3.1 Diagram of single-
walled СNT functionalized
by organic compounds
(Priluts’ka et al. 2009).
(Modified after Priluts’ka
et al. 2009)
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with PIL is not accompanied by the disruption of the π-conjugated CNT structure and
does not require solvents. Therefore, it can readily be scaled up.

3.3.3 Preparation of Carbon Nanomaterial Dispersions
in Organic Solvents and Rubber

Recently, carbon materials have been investigated mainly using low-frequency US
treatment of the reaction mixture. This enhances disintegration of carbon material
aggregates and forms surface defects on them (Luzgarev et al. 2013). This increases
the chemical reactivity of the CNM surface (Luzgarev and Denisov 2005). As a rule,
US baths, immersed and flow US dispersers, and high-speed mechanical dispersers
(simultaneously with US devices) are used for low-frequency US treatment. How-
ever, the poor mechanical characteristics of the starting NMPCM limit their scope of
application (Badamshina et al. 2010).

The possibility of producing stable dispersions of carbon materials in organic
solvents and high-molecular-mass polydimethylsiloxane rubber SKT was studied
(Luzgarev et al. 2013). The organic solvents toluene and benzene were used to
prepare the dispersions. Optical microscopy found that the maximum particle sizes
were small (30–40 μm) if an immersion US disperser (operating frequency 22 kHz)
was used. Dispersion carried out in a US bath (operating frequency 25 kHz) formed
large particles (80–100 μm). Carbon material of PUM grade could not be dispersed
using this method.

A high-speed electromechanical disperser did not give high degrees of dispersion.
The particle sizes of the carbon materials were 300–400 μm. Furthermore, disper-
sions prepared using US tended to aggregate rapidly (1.5–4 min) and form flakes that
subsequently settled regardless of the carbon material concentration and used
organic solvent. However, aggregated dispersions prepared using an immersed US
disperser were easily restored by repeated treatment in a US bath.

3.4 Preparation and Study of Epoxide Nanocomposites

Recent research identified CNT as the most promising platform for designing
materials with fundamentally new properties (Vorob’eva et al. 2011). CNTs differ
from other nanofillers (ultrafine particles, organic clays) by the presence of an
atomically smooth surface. This stretches matrix-polymer macromolecules on the
surface and forms a densely packed polymeric-matrix-CNT interfacial layer.

An increased fracture strength εf of NMPCM filled with CNT compared with the
starting matrix polymer or increased plasticity of nanocomposites (Vorob’eva et al.
2011), e.g., epoxypolymer-CNT nanocomposites (Khabashesku et al. 2007) and
others, was reported several times. Increased plasticity for this class of NMPCM is
rather general in nature.
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This effect is very important from a practical viewpoint because the main
deficiency of PCM is their brittleness. The εf value decreases as the filler content
increases. Therefore, it is important to estimate theoretically the effect of increasing
the plasticity of reactoplastic-polymer-CNT nanocomposites. This can produce
NMPCM with a unique set of operational properties, i.e., a simultaneous increase
of stiffness, strength, and plasticity. However, uneven filling of the polymer matrix
by CNT increases the NMPCM brittleness. Individual nanotubes are broken at
relatively low loadings (Wagner et al. 1998).

Low-frequency US treatment is one of the most effective methods for distributing
CNT evenly in a polymer matrix. CNTs are effectively distributed in an acetone/
EtOH mixture (9: 1) at ~50 �C for an US irradiation time of ~10 min (Brent et al.
2011). The following conclusions were drawn based on the experimental results
(Tkachev and Zolotukhin 2007). Preliminary activation (in particular, US) of the
polymer matrix in a mixture of organic solvents is required to create CNT-modified
composites. The optimum CNT concentration in the composite (determined exper-
imentally) lies in a certain range, e.g., 0.4–0.8 wt.%. As a rule, increasing the CNT
content above 1 mass% decreases considerably the strength of the final NMPCM.
The operational characteristics of composites based on epoxide diane oligomer
ED-20 could be increased considerably (by 1.5–2.0 times) by using CNT as the
filler.

It was reported that a material was made that only became stronger at regular
loads (Brent et al. 2011). The created nanocomposite consisted of a forest of vertical
MWCNT, the gaps among which were filled with polydimethylsiloxane. Cyclic
loading of this material did not generate mechanical fatigue, like for classical PCM,
but strengthened the NMPCM. Compression of a sample at a frequency of five times
per second for a week increased the sample stiffness by 12%.

3.4.1 Features of Nanocarbon Modification of Epoxide
Oligomers

Effects of employed nanodisperse fillers on the physico-mechanical properties of the
filled polymers must be analyzed during development of an actual NMPCM indus-
trial process. The properties of the final PCM with nаnо-sized fillers (as compared
with micro-sized fillers) are difficult to predict (Kolosov 2015b) because several
factors related to adhesion and cohesion mechanisms and aspects of NMPCM
destruction must be considered. A potential destruction mechanism of the
disperse-filled polymer matrix that occurs most often in construction PCM was
discussed before (Blokhin 2012). Disperse inclusions present an actual barrier to
the advancing crack front in a stress-strained NMPCM. The crack propagation front
lengthens as each pair of adjacent dispersed nanoparticles passes between them.

According to the Lang model, lengthening of the crack front can contribute
considerably to the destruction energy of a brittle composite, e.g., one based on an
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EP (Blokhin 2012). The size of the disperse particles also affects crack propagation.
Larger particles cause larger stressed zones (within a particle and around it), and
therefore, more destructive deformation energy is accumulated due to the effect of
the particle (Blokhin 2012). External stresses applied to the material should not
exceed the strength limit (for brittle materials) or the flowability limit (for plastic
materials). With this condition, the critical sizes of inclusions dcr at which the
material can stratify along matrix-filler interfaces can be estimated. The orienting
effect of a disperse filler on the polymer binder is important. Shrinkage on the
microscale level that is observed during NMPCM forming also causes spatial
orientation (Fig. 3.2).

The formation in the NMPCM bulk of a three-dimensional framework of
nanofiller particles alternating with a structured hardened polymer matrix is an
important factor. The framework is formed by boundary layers of polymer matrix,
whereas disperse filler particles are boundary layer carriers. The disperse filler must
be evenly distributed in the NMPCM in order to form a continuous reinforcing three-
dimensional framework of filler particles and structured reactoplastic polymer
layers. Thus, the conditions for producing a positive effect upon filling the highly
cross-linked thermoreactive polymer matrix with hard disperse particles are (1) opti-
mal degree of filling (depends on disperse particle size), (2) particle sizes in the
nanometer range, and (3) good adhesion of filler to polymer matrix, preferentially
with the ability to form a chemical bond between the filler and matrix.

Research on the influences of the filling parameters and the nature of disperse
particles on structural changes in the polymer taking into account features of the
reactoplastic NMPC is crucial. Distribution processes of disperse particles in a liquid
epoxide binder (EB), the influence of modifying the matrix with carbon
nanoparticles, and the development of effective technologies for introducing
nanoparticles into the liquid (EB or EO) must be investigated.

Experiments on the incorporation, distribution, and stabilization of a dispersion
using MWCNT (Blokhin 2012) showed that physico-mechanical characteristics
increased insignificantly for low percent MWCNT contents (from 0.01 wt.% to
1 wt.%). The absolute value decreased with increasing percent content of solid

Fig. 3.2 Schematic of
polymer-CNT boundary
layer morphology (Blokhin
2012): (1) CNT,
(2) adsorbed polymer
microlayer, (3) oriented
polymer layer, (4) polymer
transition layer, (5) polymer
in bulk phase. (Modified
after Blokhin 2012)
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phase in the dispersion. Simple (mechanical) mixing of CNT with EO was ineffec-
tive for improving the physico-mechanical characteristics. A large part of the
suspension particles were agglomerates consisting of significantly shortened CNT.
As a rule, their dimensions were out of the nanoscale range. However, air adsorbed
on the surface and within agglomerates was entrained with them into the polymer
matrix if they were added. Therefore, agglomerates had to be disintegrated and
distributed evenly in the EB bulk for modification of EO with CNT.

Methods for disintegrating and distributing MWCNT in liquid EB were tested
(Blokhin 2012). These included high-energy impact of milling balls and friction
between balls and the wall of the milling vessel (in a ball mill): stretching,
compressing, and shear forces, elevated temperatures, and static electricity (in a
roll mill); and US irradiation. The equivalent particle sizes increased upon treatment
in a planetary mill (Fig. 3.3) because of agglomeration and combination into
globules. The optimum US irradiation time was ~6 min in a highly viscous medium
(Blokhin 2012). The physico-mechanical characteristics of the hardened binder were
worse by an order of magnitude if surfactant was added to the composition.
Apparently, this was a consequence of blocking nanoparticle active sites. An
MWCNT concentration of 0.5 wt.% gave the best physico-mechanical characteris-
tics for functionalized MWCNT. However, the cost of functionalized MWCNT was
significantly greater than that of the starting MWCNT.

The thermal conductivity of the epoxide NMPCM doubled if 10% MWCNT was
added. Also, adding CNT meant that the final NMPCM would be electrically
conductive because the electrically conductive CNT particles formed a closed
three-dimensional framework in the EO during its polymerization. A nanomodified
binder in fiberglass can increase by about eight times for the optimal regimes its
resistance to bending stresses (the bending fracture load with fibers distributed along
the sample increased from 1 kg to 11 kg; with fibers distributed transversely, from
1.4 kg to 8.0 kg) (Blokhin 2012). Incorporation of MWCNT into a liquid polymer
matrix promotes the ability to control the formation of its structure. For example, the
dimensions of pultrusion parts can be controlled to provide high throughput and the
required quality level (Blokhin 2012).

Fig. 3.3 SEM images of MWCNT after the best treatment, regime in a planetary mill; dispersion of
agglomerated particles was observed to increase (Blokhin 2012)
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The physico-mechanical characteristics (with respect to bending loads) improved
after nanomodification of an EB by an average of 20–30% and the compression
strength limit and heat resistance by 70%. The destructive load of fiberglass
increased by 2–3 times (Blokhin 2012).

3.4.2 Roller Dispersion of Highly Viscous Suspensions
of Epoxide Oligomers with CNT

Liquids can be dispersed using homogenizers; colloidal mills; injection mixers and
nozzles (operating on the jet pump principle); turbine, propeller, and other types of
high-speed stirrers; acoustic and electrical devices such as US whistles and horns;
magnetostrictive transducers; and wave concentrators (spray nozzles) for generating
aerosols (Rebinder 1979; Avakumov 1989). Two designs for roll dispersers
(Abdrakhimov et al. 2012) that can control the dispersion processing parameters
are based on the 80E disperser design of the German company EXAKT (calendar
with shear zone between rolls) (www.exakt.de/Produkte.6.0.html), which is effec-
tively used to produce nanosuspensions. The disperser (Fig. 3.4) comprises three
parallel rolls (cylinders) of the same diameter (80 mm) that are arranged with
controlled gaps of 10–500 μm and rotate at different rates (ω < 100 rpm) pairwise
in opposite directions with a ratio of rates of 9:3:1 in addition to combs for removing
the finished product.

The main deficiency of the disperser (www.exakt.de/Produkte.6.0.html) is the
insufficient degree of agglomerate destruction (Fig. 3.5). Therefore, the dispersion
cycle had to be repeated several times.

MWCNT agglomerates are distributed and are soaked with EO, which replaces
air bubbles in the starting agglomerate structure, as the filled liquid EO composite
containing MWCNT passes through the gap between the rolls (through the action of
shear flow in the gap between rolls). It must be considered that the composite
viscosity increases as the filler concentration increases. This increase may not be
proportional to the filler content in the liquid polymer medium. The composite
undergoes preliminary degassing at the outlet of the roll mill. This has a positive

Fig. 3.4 EXAKT three-roll
mill-disperser (www.exakt.
de/Produkte.6.0.html)
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effect on the mechanical properties of the final product. The average experimental
dispersion of MWCNT in EO after roll processing turned out to be equal to the gap
between the rolls multiplied by 0.6 (Blokhin 2012).

According to the investigations in scientific literature, the resulting intertwined
balls of CNT in EO can be dispersed by applying a shear stress of at least 1 MPa
(duration not given) (Wichmann 2009). However, the scientific literature has prac-
tically no data on the agglomerate sizes, average lengths, and dimensions of single
CNT in the agglomerate. Therefore, the dispersion time parameters are difficult to
determine. Thus, the relationship of the disperser parameters for a given volume
content of nanofiller φ and temperature T must be determined (analytically) in order
to design an industrial process for dispersing CNT in a viscous polymer using roll
systems. The parameters are the roll diameter Dr, rotation rate ω, gap between rolls δ,
and dispersion time considering the average sizes and lengths of the added CNT.

Taunit-MD CNT, which consists of threadlike formations of polycrystalline
graphite as a friable powder of black agglomerates, was used in the study
(Abdrakhimov et al. 2012). The agglomerate structure (micrometer dimensions)
contained intertwined bundles of MWCNT (http://nanotc.ru/index.php?
option¼com_content&task¼view&id¼8&Itemid¼34). The CNT parameters were
monitored using transmission electron microscopy. Single bundled CNT were 2–5
times shorter than straightened CNT (Fig. 3.6). The CNT outer diameter was
10–50 nm; inner diameter, 3–8 nm; and length, >2 μm.

A matrix produced from epoxide diane oligomer ED-20 and hardener methyl
isotetrahydrophthalic anhydride (iso-MTHPA) had heat resistance temperature of
170 �C, which enabled nanocomposites prepared from it to be used at temperatures
up to 120 �C. A roll disperser with a vertical rotor and stator was developed
(Abdrakhimov et al. 2012). The stator was a thick-walled beaker with a removable
cap (inner diameter 32 mm) situated on the lower end; the rotor, a cylinder 30 mm in
diameter; the drive, an electric motor capable of rotating at 500–2500 rpm; and a
moveable stage allowing the required gap δ to be set. The required gap for these
dimensions was δ ¼ 6.3 μm. The stretching deformation for this was εs ¼ 33, which
was sufficient to destroy the agglomerates.
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Fig. 3.5 Typical MCNT
particle-size distributions
after processing in EXAKT
three-roll mill with various
gaps between the rollers
(Blokhin 2012). (Modified
after Blokhin 2012)
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A mixture of CNT and oligomer was poured into the gap between the stator and
rotor (Abdrakhimov et al. 2012). The mixture was drawn into the gap as the rotor
rotated. Shear in the gap developed stresses up to 1 MPa, which were sufficient to
destroy CNT agglomerates (Wichmann 2009). The suspension experienced self-
heating during dispersion at high rotor rotation rates and small gaps. This also helped
to decrease the viscosity of the oligomer and the shear stresses. Working parts of the
disperser were periodically cooled in order to avoid overheating. The suspension
viscosity was measured as a function of shear rate and CNT mass fraction on a cone-
plane viscometer at shear rates 17–1000 s�1 and 27–100 �C (Fig. 3.7).

Figure 3.8 shows that rate of viscosity reduction increased as the mass fraction of
CNT in the polymer matrix increased. So, the above results show the prospects of
further research in this direction.

Fig. 3.6 Taunit-MD CNT
in JEOL JEM 2100
transmission electron
microscopy (�25,000)
(Blokhin 2012). (Modified
after Blokhin 2012)

Fig. 3.7 Flow curves of EO-CNT composites (Blokhin 2012). (Modified after Blokhin 2012)
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3.4.3 Solidified Nanomodified Oligomers Microstructure

The choice of an effective method for introducing nanoparticles into a polymer
matrix, ensuring an even distribution of the fibers in the polymer, and optimizing the
operating regimes is important for preparing PCM with a reinforcing nanofibrous
filler (Muranov et al. 2012).

CNTs aggregate in the matrix because of the high CNT surface energy. The
aggregates can reach lens and hundreds of micrometers in size. In this instance, the
matrix is not strengthened mechanically and reinforced (which is characteristic for
uniformly distributed nanoparticles). The mechanical and physical properties of the
NMPCM are degraded (Ray 2006; Smrutisikha 2010; Kolosov 2015b).

Nanomodified samples of a solidified oligomer containing a finely dispersed
fiberglass filler and modified CNT of various contents (0%, 5%, 30%), a polymer
matrix of cold-hardened polyester oligomer, and CNT (Baylubes® С 150 P, agglom-
erates of several CNTs with small outer diameters, narrow diameter distribution, and
ultrahigh side ratio) were investigated before (Muranov et al. 2012).

Samples were analyzed by scanning electron microscopy with preliminary depo-
sition of a gold conducting layer in order to eliminate accumulation of static charge
on the surface of the dielectric material (Fig. 3.9).

Elemental analysis of NMPCM samples by energy-dispersive microanalysis
showed that the studied section of the microfiller had the following distribution of
element concentrations (at %): C, 28; Si, 21; O, 25; and Au, 26. CNTs were
distributed in the polymer matrix noticeably more uniformly for a CNT content of
5% than for 30%.

Fig. 3.8 Viscosity of EO-CNT composites as functions of temperature (Abdrakhimov et al. 2012).
(Modified after Abdrakhimov et al. 2012)
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3.5 Use of Carbon Nanotubes to Improve the Physico-
mechanical and Operational Characteristics
of Polymers

The existing structure of CNT makes it possible to create on its basis PCM with
improved physico-mechanical and operational characteristics. These include static
strength, fatigue strength, electrical conductivity, an extended range of operating
temperatures, and some special properties of NM PCM. In connection with this,
intensive studies of new properties are being carried out, which are obtained with a
small addition of multi-walled CNT to polymers, for example, fire resistance and
anti-putrefaction and a number of others.

The above combination of properties and form of the product, compatible with
modern technologies for the processing of classical polymers, will result in the
synthesis of new structural materials that can be used in a wide range of applications.
The results of these studies may lead to the development of new products more in
line with modern environmental requirements and improved performance compared
to existing materials.

The use of CNT for commercial purposes is a reality today, which attracts
increasing attention. This means that they are accepted by industry as a component
of added value, competing with other options that are governed by industry stan-
dards. At present, new useful and unpredictable properties of CNT are being
investigated, which will allow them to expand their penetration into the polymer
industry. But the creation of such materials is a complex task, which requires a large
number of experimental studies.

Fig. 3.9 SEM image of
NMPCM surface with
deposited gold film
(Muranov et al. 2012)
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In this section we briefly discussed the questions concerning with use of CNT to
increase the strength and heat resistance of EB, fatigue characteristics of NMPCM,
and electrical conductivity of PCM modified by CNT.

3.5.1 Use of Carbon Nanotubes to Increase the Strength
and Heat Resistance of Epoxide Binders

A critical problem in mechanical engineering is the development of heat-resistant
binders for PCM intended for construction (Kondrashov et al. 2013). The traditional
approaches for solving this problem (creation of polymeric reactoplastic binders
with the maximum possible network of chemical cross-links) are not always
effective.

The tensile strength of PCM is determined by the balance between the number of
chemical cross-links that increase the elasticity modulus and glass-transition tem-
perature Tg and the number of physical sites for network cross-linking that provide a
uniform redistribution of stresses between the chemical network sites as a result of
relaxation processes.

Therefore, the tensile strength at first increases with an identical number of
physical network sites and increased number of chemical cross-links. It then
decreases when the number of chemical cross-links becomes sufficiently dense to
freeze relaxation processes (Kondrashov et al. 2013).

One possible solution to this problem is to modify the epoxy resin with
functionalized CNT, in particular, CNT with surfaces functionalized by amines
(Kondrashov et al. 2013). The CNT diameter before fictionalization by
non-covalently bonded amines was 20 nm; after, 40 nm. The glass-transition tem-
perature Tg of an epoxy nanocomposite containing 0.5% functionalized CNT was
41 �С greater than that of the starting composite if the developed method was used
for modification. The increasing in glass-transition temperature was associated with
an increase of the elasticity modulus E for tensile strength σt (Table 3.1).

An analysis of the stress-elongation diagram showed that the strength improved
due to an insignificant (8%) increase of the elasticity modulus and a considerable
(25%) increase of the fracture strength 8% of the studied nanocomposites. Thus,
CNT functionalized with various groups can be used to increase the healing resis-
tance of construction EB and also to soften heat-resistant binders with low fracture
strength. Use of functionalized CNT as modifiers for heat-resistant EB is a promising
research direction.
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3.5.2 Fatigue Characteristics of Polymer Nanocomposite
Materials

Numerous experiments show that the incorporation of CNT with grafted functional
groups into the liquid matrix of the PCM significantly improves the strength and
fatigue characteristics of the solidified reactoplastic PCM. For example, the studied
composite was an epoxide oligomer ED-20 reinforced with fiberglass (Shestakov
et al. 2012). Before the reinforcement, the CNT was incorporated into the ED-20. Its
amount was 0.1% of the polymer matrix weight. In one case, the CNTs were
incorporated without functional groups and in the other with functional groups
grafted on the outer surface of a CNT. Thus, with the incorporation of CNT, the
structure of the material was changed. The experiments were performed on static
deformation and fatigue life of standard flat-solidified EC samples. The composition
of the samples is presented in Table 3.2, and the results of the fatigue strength
experiments are shown in Fig. 3.10.

The results of the experiments indicate that the tensile strength σt in the samples
with CNT without functional groups increased by 13%, and the fracture deformation
εf corresponding to the tensile strength σt decreased by 14%. At the same time, the

Table 3.1 Physico-mechanical and operational properties of EC modified by functionalized CNTs
(Kondrashov et al. 2013)

Composite composition Tg (�C) E (GPa) σt (MPa) εf, (%)

ER – diglycidyl ether of bisphenol F

Starting composite 1 170.15 2.0 72.6 5.4

Modification by 0.3% CNT 164.64 23 713 4.6

Modification by 0.3% ACNTa 158.86 23 88.5 7.5

ER – diglycidyl ether of bisphenol A

Starting composite 2 – 3.29 63.8 735

Modification by 0.1% CNT – 3.35 623 125

Modification by 0.1% ACNTa
– 33 69 7.7

aCNT functionalized by amines (composite 1, toluenediamine; composite 2, polyamine)
Tg glass-transition temperature, E elasticity modulus, σt tensile strength, εf fracture deformation

Table 3.2 Strength characteristics of the composite (Shestakov et al. 2012)

Samples σt (MPa) εf (%) σ02 (MPa) ε02 (%) E (MPa)

Without CNT 76,8 7 60 1,2 5000

With CNT, without functional groups 87,0 6 60 1,2 5000

With CNT + functional groups 110,0 7 80 1,4 5714

σt tensile strength, εf fracture deformation, σ02 yield stress, ε02 yield strain (flowing deformation),
E elasticity modulus
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yield stress σ02, the flowing deformation ε02 corresponding to the yield stress σ02,
and the elasticity modulus E have not changed. The restricted limit of fatigue
durability on the basis of N¼ 500,000 loading cycles has not changed. Incorporation
of CNT with grafted functional groups in a liquid epoxy matrix showed better results
than in the previous case. The breaking point σt of such samples increased by 43%,
and the fracture deformation, εf, corresponding to the tensile strength, σt, did not
change.

In turn, the yield stress σ02 of nanocomposites based on CNTs with grafted
functional groups increased by 33%, the deformation ε02 corresponding to the
yield stress σ02 increased by 16%, and the absolute value of elasticity modulus
E increased by 14%. The restricted limit of fatigue durability on the basis of
N ¼ 500,000 cycles of loading increased by 20%.

Thus, the conducted experiments have shown that the incorporation of CNTs with
grafted functional groups significantly improves the strength and fatigue character-
istics of NMPCM.

3.5.3 Electrical Conductivity of Polymer Composite Materials
Modified by Carbon Nanotubes

A promising direction of polymeric material science is the creation of PCM that have
the necessary functional properties (the so-called “functional” PCM). One such
important property is the electrical conductivity of PCM, which is carried out by
modification with CNT. It was found that the conductivity of nanocomposites with
CNT is influenced not only by the type, the concentration of CNT, and the
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Fig. 3.10 Fatigue destruction curves of polymer composites: (1) without CNT, (2) modification
with pure CNT, (3) modification with CNT and with grafted functional groups; N, number of
loading cycles. (Modified after Shestakov et al. 2012)
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composition of the polymer matrix but also by the technologies for obtaining a
nanocomposite. For example, the use of extruders that provide a high level of shear
stresses makes it possible to obtain hybrid PCM, which simultaneously combine
high electrical conductivity and high physical and mechanical properties.

It is shown that the use of carbon nanotubes as the main reinforcing filler makes it
possible to obtain PCM with a record tensile strength of 3.8 GPa, an elasticity
modulus of 293 GPa, and a conductivity of 1230 Sm/cm. (Kondrashov et al.
2016). It was considered the possibility of giving functional properties to hybrid
PCM, in which carbon nanotubes are used along with the basic reinforcing carbon
fiber. The authors have used CNT dispersed in an EC with a three-roll mixer to make
a hybrid PCM (Reia da Costa et al. 2012). For the manufacture of PCM, the transfer
molding method was used.

The analysis showed that the use of such technology for the production of carbon
plastics makes it possible to increase the electrical conductivity in a direction
perpendicular to the laying plane by a factor of 2 compared to the initial one – up
to 200 Sm/cm. In the case of glass-reinforced plastic, the electrical conductivity
increases from 7�10�8 Sm/cm to 5�10�7 Sm/cm. At a distance of 30 cm from the
inlet, the electrical conductivity decreased by 50%. The obtained results show that
this method is unpromising for giving the PCM functional properties (Reia da Costa
et al. 2012).

Another approach to this problem was demonstrated by the group of authors
(Garcia et al. 2008). According to this investigation, CNTs were grown on alumina
fabrics by chemical vapor deposition (CVD), which was then impregnated with an
EC, followed by compression at room temperature for 12 h and final curing at 60 �C.
The electrical conductivity of the obtained PCM was 3–5 Sm/cm in the laying plane
and 3–4 Sm/cm in the perpendicular direction at a concentration of CNT: 1–3%
(by weight). The authors also noted an increase in the tensile strength at the
interlayer shear τs in the hybrid PCM (33.8 � 1.1 MPa) as compared to the control
sample (20.1 � 0.9 MPa) (Garcia et al. 2008).

A similar approach has been applied by the authors in the work for PCM based on
carbon fibers with the additional use of carbon fiber felt as a substrate for the growth
of CNT (Singh et al. 2014). After impregnation of the felt with the EC by hot
pressing, a PCM with a high content of CNT was obtained – up to 18% (by weight).
Investigations of mechanical properties showed that the value of the bending
strength increased from 85 MPa to 115 MPa. The electrical conductivity increased
from 3 Sm/cm to 18 Sm/cm. At the same time, this approach requires careful
selection of CVD process parameters, since using this method of growing CNT on
the surface of glass and carbon fibers leads to a drop in their tensile strength
(Lubineau and Rahaman 2012).

In conclusion, we note that to simulate the process of introducing sensors
designed to monitor the state of NMPCM, including so-called intelligent (smart)
PCM based on them, different types of sensors are currently used (Hu et al. 2010).
Modeling the electrostatic control over depth of the introduction of intelligent
sensors into a polymer composite material is studied in Ivitskiy et al. (2017).
Simulation of nanomodified polymers testing by the electric capacitive method is
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investigated in a study by Bazhenov et al. (2017). Aspects of automation of
intelligent sensor injection inlet in polymer moldings by using vector controlled
electric drive are investigated in a study by Sivetskyy et al. (2017). In this case, the
introduced sensors, depending on their size, can be considered as a kind of micro- or
even nanomodifier of PCM. In conclusion, we note that to simulate the process of
introducing sensors designed to monitor the state of NMPCM, including so-called
intelligent (smart) PCM based on them, different types of sensors are currently used
(Hu et al. 2010).

3.6 Conclusions

The study results described in this chapter confirm the effectiveness of physical,
chemical, and combined physicochemical modification methods as a basic direction
for improving the technological and operational characteristics of classical and NM
liquid polymer media and reinforced PCM on their basis. The technology for
NMPCM production depends on the type of particle nanomodifiers that are incor-
porated into the liquid polymer system. The high surface energy of nanoparticles
creates certain difficulties for combining them with a liquid polymer matrix. It leads
to adhesion and aggregation of particles, that is, formation of fullerites.

Agglomerating of excess of CNT leads to a sharp decrease in the strength of
polymerized samples. Thus, we can consider CNT agglomerates as a kind of tension
concentrators. Operating properties of produced NMPCM can be highly scattered if
the dispersion quality is insufficient. Therefore, nanoparticles should be added first
to the least viscous binder component (low-viscosity hardener).

Incorporated nanoparticles are very active; they enter into a chemical reaction
with other substances quickly and lose their unique properties. Therefore, it is
difficult to obtain NMPCM using traditional methods for composites. Various
solutions and surfactants are used for dispersing fillers, including methods using
US cavitation action. Therefore, US treatment, as the most effective method which is
used in the stages of de-agglomeration, dispersion of nanoparticles in liquid polymer
media, and also further combination of components of classical and NMPCM,
deserves special attention.

Functionalized with different functional groups, nanomodifiers in the form of
CNT are used to increase the heat resistance of EB used for structural purposes, as
well as for the elasticization of heat-resistant binders characterized by small tensile
deformation. In this case, the use of functional CNTs as modifiers of heat-resistant
EB is a promising direction for future research. The optimal concentration and
uniform distribution of CNT in the polymer binder play a decisive role in the final
hardening of NMPCM.

The analyzed research results for nanocarbon-modified EO and the approaches
used to solve actual problems could be applied to studies of new types of NMPCM.
In general, the effects of filling parameters and the nature of the disperse particles on
structural changes in the polymer, considering features of reactoplastic polymeric
binders and nanodisperse fillers, must be investigated.
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Understanding Interactions
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Abstract Nanotechnology is considered as a new generation of technology, which
might have a revolutionary impact on economies through new consumer products,
manufacturing methods, and material usage. Increasing studies showed the toxicity
of different metal-based nanoparticles, which raises concerns over their fate and
transport in the environment. The aim of this study was to improve understanding on
the long-term interactions of nanomaterial with natural and undisturbed soil during
land application of nanomaterial-contaminated sludge, to identify factors which
affect their transport and mobility and identify issues and challenges.

Scientific databases were reviewed and different combinations of keywords were
used. The major finding of this study included the effects of various properties, like
pH, ionic strength, natural organic matter content, surface coating, size and aggre-
gation of nanoparticles, sand/soil characteristics, and column flow characteristics on
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the fate and transport of nanomaterials. These included variability in particle size and
concentration, water chemistry (i.e., electrolyte species, ionic strength, and pH), flow
velocity, and choice of collector surface. These findings were expected to improve
fundamental understanding on fate and transport of nanomaterials in porous
medium. It aimed to provide information on extents of retention of nanomaterials
and associated ions in porous medium and the factors that regulate the deposition of
these nanoparticles. It also intended to understand the effect of the presence of
nanomaterials on the fate of ions associated with other nanomaterials and its
implications. All these data were necessary to comprehend the long-term release
and interaction dynamics of nanomaterials in the soil along with their chemical
modification and transformation predicting their fate and transport in the soil media.

Keywords Nanomaterials · Fate · Transport · Porous medium · Surface chemistry ·
Ionic strength · Mixture · Natural organic matter

Abbreviations

APU Amphiphilic polyurethane nanoparticles
CuO NPs Copper oxide nanoparticles
DLVO Derjaguin, Landau, Verwey, and Overbeek
NOM Natural organic matter
nZVI Nano-zerovalent iron
OECD Organisation for Economic Co-operation and Development
TiO2 Titanium dioxide nanoparticles
ZnO NPs Zinc oxide nanoparticles

4.1 Introduction

Nanoparticle applications have been used in various agricultural, environmental, and
industrial sectors of our society and might contaminate water, soil, and other
environmental contaminants (Benn and Westerhoff 2008). In light of nanoparticles
interacting with air, water, and soil, it is likely that it might impact human health in
certain ways. Therefore, there are serious environmental and health issues related to
these invisible, tiny particles because nanoparticles are very toxic and chemically
active per unit of mass compared to the bulk materials of the same substances in
a normal scenario. Therefore, treatment processes to eliminate and reduce
nanoparticles in our waste treatment plants have to be explored in detail. Further,
as domestic wastewater residuals are normally used as irrigation water and as soil-
amendment materials, the chance of groundwater contamination and contamination
of soil are not clearly understood. Application of nanomaterials to soil helps in the
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Table 4.1 Application of nanoparticles in soil for enhancement

Nanoparticles Applications in soil References

Nanoscale zerovalent iron, nanoscale
zeolites, metal oxides, carbon
nanotubes and fibers, enzymes, vari-
ous noble metals, and titanium
dioxide

Nanoremediation has the potential
not only to reduce the overall costs of
cleaning up large-scale contaminated
sites but also to reduce cleanup time,
eliminate the need for treatment and
disposal of contaminated soil, and
reduce some contaminant concentra-
tions to near-zero: all in situ

Karn et al.
(2009)

Nano-additives, nanoclay, nanosilica Mixture of soil with some nano-
additive or nanomaterial or nanopar-
ticle could improve the soil strength
parameters and stabilize and improve
weak soils. Due to a very high spe-
cific surface area of nanomaterials,
surface charges and their morpho-
logic properties, nanomaterial in the
soil could influence significantly the
physical and chemical behavior
of soil.

Arya and Jain
(2017)

Na + modified montmorillonite, used
as nanoclay

The results suggested that plastic and
liquid limits can be increased by
adding nanoclay into the soil. This
variation was greater in plastic one.
Given the results of unconfined com-
pressive strength on nanoclay sam-
ples, the soil containing 1.5% of
nanoclay has the greatest resistivity.
Increasing nanoclay content from
1.5% to 2% reduces the ultimate
compressive strength. Nanoclay due
to high specific surface area makes a
major impact on soil engineering
properties, and so little percentage of
this material can be used to achieve
better results.

Nohani and
Alimakan
(2015)

Titanium oxide nanoparticles Shear strength and consolidation of
soil decrease, thus reducing the
maintenance cost and structure fail-
ure. Greater improvement in Califor-
nia bearing ratio value was found on
adding nano-TiO2 compared to
nanoflyash, thus making it more use-
ful for pavement works over
nanoflyash.

Babu and
Joseph (2015)

Soil nanoparticles like clay Soils containing nanoparticles with
nanoscale intraparticle voids usually
exhibit much higher liquid and plastic
limits that usually show irreversible
changes upon drying, while the

Zhang (2007)

(continued)
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Table 4.1 (continued)

Nanoparticles Applications in soil References

presence of fibrous nanoparticles
usually makes the soil more thixotro-
pic and enhances its shear strength

Nanoclay, nanoalumina, and
nanocopper

It was found that with the addition of
optimum percentage of nanomaterial,
both the swell strain and shrinkage
strain reduced. The results show that
nanomaterial decreases the develop-
ment of desiccation cracks on the
surface of compacted samples with-
out decrease in the hydraulic
conductivity

Taha and Taha
(2012)

Nanosilica It was found that with the addition of
the nanosilica to weak soil, the shear
strength increased, and California
bearing ratio strength and moisture %
also increased. The presence of only
small amount of nanomaterial in the
soil influenced significantly the
physical and chemical behavior of
soil due to a very high specific surface
area of nanomaterials, surface
charges, and their morphologic
properties.

Alireza et al.
2013

Nanosilica Compaction characteristics and con-
sistency of the soil were improved by
addition of nanosilica: Compressive
strength of the soil increased, but
hydraulic conductivity and pH
decreased

Bahmani et al.
(2014)

Nanosilica Addition of the cement and nanosilica
improved the engineering properties
of sands. The presence of nanosilica
in optimal percentages significantly
improved the mechanical properties
of cement sand

Choobbasti
et al. (2015)

Nanosoil particles The laboratories result showed that
the addition of 2%, 3%, and 4%
nanosoil into soft soil improved the
soil strength and effective shear
strength of stabilized soft soil. Mean-
while the plasticity value decreased
after addition of 2%, 3%, and 4%
nanosoil, indicating an improvement
in the soil. The results showed the
small amount of nanosoil can
improve and enhance the geotechni-
cal properties of soft soils

Khalid et al.
(2015)

(continued)
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Table 4.1 (continued)

Nanoparticles Applications in soil References

Nanoscale zerovalent iron Application of nanomaterial with soil
can remove large amounts of at the
maximum 97% of Cu present in the
Cu-contaminated soil

Wan Yaacob
et al. (2012)

Fe-Pd nanoparticles Stabilized nanoparticles displayed
markedly improved stability against
aggregation, chemical reactivity, and
soil transport

He et al. (2007)

Manganese oxide nanoparticles Stabilized MnO2 nanoparticles facili-
tated in situ oxidative degradation of
various emerging contaminants in
soil and groundwater

Han et al.
(2015)

Iron nanoparticles The stabilized zerovalent iron
nanoparticles served as a highly soil-
dispersible and effective agent for in
situ reductive immobilization of
chromium in soils, groundwater, or
industrial wastes

Xu and Zhao
(2007)

Nanoscale zerovalent iron Starch-stabilized ZVI nanoparticles
facilitated in situ immobilization of
perrhenate (ReO4

�) in soil and
groundwater

Liu et al. (2013)

Iron sulfide nanoparticles In situ immobilization of Hg Gong et al.
(2012)

Magnetite nanoparticles Immobilization and removal of phos-
phorus (P) in soils

Pan et al. (2010)

Iron phosphate nanoparticles Compared to soluble phosphate used
for in situ metal immobilization,
application of the iron phosphate
nanoparticles results in �50% reduc-
tion in phosphate leaching into the
environment

Liu and Zhao
(2007)

Iron sulfide nanoparticles Immobilization and removal of mer-
cury in soils. The immobilized mer-
cury remained stable when preserved
for 2.5 years at pH above neutral

Gong et al.
(2014)

Amphiphilic polyurethane (APU)
nanoparticles

The mobility of colloidal APU sus-
pensions in soil is controlled by the
charge density or the size of the pen-
dent water-soluble chains that reside
on the particle surface. Exemplary
results were provided illustrating the
influence of alternative APU particle
formulations with respect to their
efficiency for contaminant removal.
The ability to control particle proper-
ties offers the potential to produce
different nanoparticles optimized for

Tungittiplakorn
et al. (2004)

(continued)
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enhancement of soil properties and greatly improves its mechanical and structural
properties. Table 4.1 lists the application of few nanomaterials for enhancement in
soil.

Although there have been few studies regarding the fate of these nanoparticles in
soil, water, and wastewater, there is still a major knowledge gap regarding the fate
and transport of these nanoparticles deposited in the soil.

The aim of this study was to improve understanding on long-term interactions of
nanomaterials with natural and undisturbed soil during land application of
nanomaterial-contaminated sludge and to identify factors which affect their transport
and mobility. This information will be useful in improving the understanding on
effect of sludge on soil after land application with regards to the mixture of
nanomaterials and to know its potential of groundwater contamination. Finally, it
will help in deciding whether the practices of land application of contaminated
sludge as soil-amendment materials are safe to soil environment and to groundwater.

4.2 Methodology

This study aimed to review the following aspects: (1) adsorption of mixture of
nanomaterials on solids, (2) leaching patterns of mixture of nanomaterials from
solids, (3) fate and transport of leached nanomaterials in soils, and (4) fate and
transport of leached nanomaterials in soil in field lysimeter studies for understanding
the current status of knowledge and for identifying knowledge gaps. A detailed
literature survey was done using the Science Direct database with different combi-
nations of keywords, such as “nanoparticles, aquatic”; “nanoparticles, interaction”;
“nanoparticles, quantification”; “nanoparticles, wastewater”; “nanoparticles, drink-
ing water”; “nanoparticles, potable water”; “nanoparticles, management”; and
“nanoparticles removal methods.” For getting detailed understanding, this study
focused only on two types of OECD-listed nanoparticles (ENV/JM/MONO/(2015)
15/Part 3, ENV/JM/MONO/(2012) 40): copper oxide nanoparticles (CuO NPs) and

Table 4.1 (continued)

Nanoparticles Applications in soil References

varying contaminant types and soil
conditions

Iron sulfide nanoparticles Immobilization and removal of mer-
cury in soils

Xiong et al.
(2009)

Iron nanoparticles Carboxymethyl cellulose (CMC) sta-
bilized zerovalent iron (ZVI)
nanoparticles (with a trace amount of
Pd catalyst) for in situ destruction of
chlorinated ethenes such as perchlo-
roethylene (PCE) and trichloroethy-
lene (TCE) and polychlorinated
biphenyls (PCBs) that had been in
groundwater

He et al. (2010)
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zinc oxide nanoparticles (ZnO NPs) as these nanoparticles have been used for
various commercial purposes (the usage percentage of the nanoparticles was
reported as ZnO (9%) and CuO (6%); Consumer Products Inventory 2015). Con-
sidering the rapid and continuous increase in the production and use of these two
nanoparticles, its environmental concentration is expected to inevitably increase
(Table 4.2). In municipal wastewater, its concentration is likely to be in mg/L
level in the next few years (Tan et al. 2015). These aspects indicate the need for
developing detailed understanding on environmental fate of these nanoparticles and
their impacts on environment. The following sections present detailed information
on different aspects which highlights currently available knowledge and present
knowledge gaps as well.

4.3 Fate and Transport of Nanoparticles in Column Studies

Soil is an important sink for engineered nanomaterials after their release into the
environment and a possible source of groundwater contamination. Understanding
the transport behavior of engineered nanomaterials in natural soil systems is essential
to reveal their potential impacts on groundwater. In addition, many environmental
applications of engineered nanomaterials to clean up groundwater need information
on their transport (e.g., zerovalent iron nanoparticles) through soil and/or sediment
(He et al. 2007; Schrick et al. 2004). Therefore, transport of these metal oxide
nanoparticles in sand media and soils have attracted increased research attention
(Liu et al. 2009). Transport of particles in the porous media depends largely on the
rate of their capture or filtration by the stationary grain surfaces. Particle filtration
theory can be used to help understand the transport behavior of nanoparticles in soil.
There are three basic mechanisms for describing capture of colloidal particles in
porous media: gravitational sedimentation, interception, and Brownian diffusion.

Table 4.3 presents summaries of findings of some of the column studies which
focused on fate and retention of engineered nanomaterials in porous medium.
Currently, information is available on interaction of nanomaterials with soil particles
where fate of nanomaterials in soil and its fate in a vertical soil column are
characterized. Studies have focused on column prepared using repacked, homoge-
nous, porous media for understanding mechanisms for nanomaterial removal. For
example, a recent paper had focused on studying transport of functionalized multi-
walled carbon nanotubes in natural soils (column and lysimeter studies) (Kasel et al.
2013) and reported no breakthrough and recovery of multi-walled carbon nanotubes
(MWCNTs) in soil with higher retention near the column or lysimeter inlet.

Carstens et al. (2017) studied the effect of flow interruption on transport and
retention of negatively charged organic matter-coated goethite colloids in saturated
quartz sand column under continuous and saturated flow conditions and observed
that colloids were very mobile in continuous flow conditions. During flow interrup-
tions, significant amounts of iron oxide colloids were retained in solid matrix and
could not be mobilized after resumption of flow. Studies indicated the need for
conducting studies in natural soil where interruption of flow is more probable which
can increase the retention of colloids in porous medium (Fig. 4.1).
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Table 4.3 Summary of column studies focused on fate and transport of nanoparticles

References Material Metal/nanoparticles
Co-transport
study

Gabaldon et al.
(2000)

Activated
carbon

Metal ions No

Solovitch et al.
(2010)

Sand 32 nm TiO2 nanoparticles No

Torkzaban et al.
(2008)

Sand 10 nm colloids No

Shani et al. (2008) Sand 20 nm colloids No

Bradford et al.
(2002)

Sand 15 nm Al No

Doshi et al. (2008) Sand 1–10 μm Al nanoparticles No

Waznea et al.
(2008)

Quartz sand 10–20 nm Bo nanoparticles No

Jones and Su
(2012)

Quartz sand 25 nm Cu nanoparticles No

Inyang et al.
(2013)

Activated car-
bon with Iron
chips

50 nm Ag nanoprticles; 92 nm Ti
nanoparticles; 140 nm carbon nanotubes

No

Godinez and
Darnault (2011)

Silica 21 nm Ti nanoparticles No

He et al. (2009) Glass beads,
Sandy soil

20 nm iron No

Chowdhury et al.
(2011)

Quartz sand 20 nm titanium No

Pavlova-
Verevkina et al.
(2009)

Sand 6–7 nm TiO2 nanoparticles No

Domingos et al.
(2009)

Sand 5 nm TiO2 nanoparticles No

French et al.
(2009)

Quartz sand 4–6 nm TiO2 nanoparticles No

Fang et al. (2009) Sand 35 nm TiO2 nanoparticles No

Pettibone et al.
(2008)

Quartz sand 5–32 nm TiO2 nanoparticles No

Tseng and Lin
(2003)

Sand 7–20 nm TiO2 nanoparticles No

Godinez et al.
(2013)

Silica sand 19 nm titanium No

Kasel et al. (2013) Natural soils Multi-walled carbon nanotube
(MWCNT)

No

Kasel et al. (2013)
(lysimeter study)

Natural soils Multi-walled carbon nanotube
(MWCNT)

No

Syngouna and
Chrysikopoulos
(2013)

Glass beads Viruses (bacteriophages MS2 and
ΦX174) and clay (kaolinite and
montmorillonite)

Co-transport
study

(continued)
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Table 4.3 (continued)

References Material Metal/nanoparticles
Co-transport
study

Syngouna and
Chrysikopoulos
(2015)

Glass beads Bacteriophages MS2 and ΦX174; clay Co-transport
study

Walshe et al.
(2010)

Gravel aquifer MS2 bacteriophages and kaolinite Co-transport
study

Carstens et al.
(2017)

Quartz sand Negatively charged organic matter-
coated goethite

No

Seetha et al.
(2015a)

Porous medium Virus and colloids Co-transport
modeling

Seetha et al.
(2015b)

Porous medium Nanoparticles No
co-transport
study

Piplai et al. (2018) Activated
carbon

ZnO and CuO nanoparticles Column
co-transport

Fig. 4.1 Factors affecting the fate and transport of nanoparticles in porous media (blue line
indicates gap areas; dotted line indicates interdependence; NOM natural organic matter)
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The following sections present detailed analysis of the factors which affect them.

4.4 Factors Affecting the Fate and Transport
of Nanoparticles in Column Studies

4.4.1 Water Characteristics

pH

Nanoparticles have different zeta potential values at different pH and thus, their
transport behaviors change due to change in surface charge heterogeneities and their
interaction with porous medium. Studies from Table 4.2, namely, Pettibone et al.
(2008), Domingos et al. (2009), Ho and McKay (1998), and Piplai et al. (2017),
analyzed the effect of pH on the fate and transport of nanoparticles. The results for
the transport of the ZnO NPs at pH 9 showed significant retention at the inlet of the
column containing sand media with hyper-exponential retention profiles regardless
of ionic strength values investigated (0.1 and 10 mM) (He et al. 2009; Guzman et al.
2006). The trend was attributed to favorable nanoparticle-nanoparticle interaction
and greater surface roughness. During the release tests, ZnO NPs were found to be
retained during the continuous injection of particle-free solution at pH 6 (Han et al.
2014; Domingos et al. 2009). However, retained ZnO NPs slowly dissolved and
released back into the aqueous phase over time under environmentally-relevant pH
conditions (pH value ranging from 5 to 9). The dissolution amount and rate constant
values were enhanced at lower pH values that were typical of acidic soils because of
enhanced solubility of ZnO NPs; this trend was mainly attributed to the strong
re-adsorption of the released Zn2+. Results provided valuable insight for evaluating
the dissolution behavior and assessing the risks from ZnO NPs in aquifer environ-
ments (Tumin et al. 2008; Ho and McKay 1998). The results for breakthrough curves
and time-lapsed retention profiles showed that reducing solution pH led to the
release of large amount of the initially retained ZnO NPs, and the release rate was
observed to be greater for bare silica than biofilm-coated sand. The release of ZnO
NPs was likely attributed to the dissolution of Zn2+ due to the change of pH
(Pettibone et al. 2008; Guzman et al. 2006). Similarly, it was noted that the rate-
limiting step in the case of Cu2+ was chemical sorption happening due the sharing of
electrons by valence forces between Cu2+ and porous media. Overall, these obser-
vations indicated that only the surface phenomena took place between the ions and
porous media surface at this stage (Ganesh et al. 2010; Bian et al. 2011). There
existed a high potential of complete transport of ZnO NPs into groundwater in soil
pore water pH between 5 and 9 (Guzman et al. 2006). It indicated that pH of the
percolating water affected the chance of retention of nanoparticles in porous media
and release of nanoparticles from porous media. Further studies on the long-term
release and dissolution behavior of different toxic metal oxide nanoparticles for
different pH ranges are necessary.
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Ionic Strength (IS)

Ionic strength of the aqueous media results in either aggregation or stabilization of
the nanoparticles and affects their fate and transport in the porous media (Cornelis
et al. 2012; Fang et al. 2016). Deposition of nanoparticles has been observed to
increase with increasing solution ionic strength in both monovalent and divalent salt
solutions. For example, Jiang et al. (2012) investigated the transport behavior of
ZnO nanoparticles in quartz sand at different ionic strengths in monovalent and
divalent salt solution. Increasing ionic strength (from 1 to 20 mM NaCl concentra-
tion) was observed to increase percentage retention from 27.3 to 85.4. Similarly, for
divalent solution of CaCl2, retention increased from 42.6 to 75.5 by increasing ionic
strength from 0.1 to 1 mM. According to Ben-Moshe et al. (2010), increasing ionic
strength increased deposition with only 1.8, 1.5, and 1.2% exiting from column for
NaCl concentration of 0.001, 0.01, and 0.1 M, respectively. Higher ionic strength led
to increase in the van der Waals forces over repulsive electrostatic interactions,
leading to enhanced aggregation. The addition of salt affected stable suspensions
more strongly than unstable ones (Ben-Moshe et al. 2010). Both homo-aggregation
and hetero-aggregation were enhanced with increase in ionic strength. Increase in
ionic strength resulted in compression of electrical double layer, thus decreasing the
repulsive barrier between the nanoparticles. Enhancing the ionic strength from 1 mM
to 100 mM decreased the zeta potential values of polymerized zerovalent iron from
�24.2 mV to �15 mV (Mylon et al. 2004; He and Zhao 2007). With increase of
ionic strength from 0 to 50 mMNaCl, breakthrough, i.e., C/Co, decreased, indicating
that more graphene oxide nanoparticles were retained in the column with the
increase of ionic strength (Qi et al. 2014). With increase in ionic strength, diffuse
layer between collector and nanoparticles decreased, thus decreasing repulsion and
magnitude of zeta potential (Jones and Su 2012). For developing understanding,
studies have attempted to apply the Derjaguin, Landau, Verwey, and Overbeek
(DLVO) theory for retention of nanoparticles in porous medium and reported
application potential for larger nanoparticles (larger than 30 nm) (Keller et al.
2010; Zhang et al. 2008; Limbach et al. 2008). The DLVO theory has been shown
to be applicable for the case of adsorption of nanoparticles on soil particle surfaces
(or hetero-aggregation), as it describes the interaction energy between nanoparticles
and a collector surface as well as the stability of the nanomaterials in suspension.

Natural Organic Matter (NOM)

Natural organic matter (NOM), which is mainly comprised of humic and fulvic
substances, is ubiquitous in natural aqueous environments. The natural soil environ-
ment is physically, biologically, and geochemically heterogeneous, and the presence
of NOM and minerals and changing soil chemistry can influence the nanoparticle
transport. Natural organic matter has been found to enhance the transportability of
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nanoparticles in porous media due to the increased charge and/or steric stabilization
(Pelley and Tufenkji 2008; Jaisi et al. 2008; Johnson et al. 2011). Natural organic
matter attaches itself to the surface of the metal oxide nanoparticles, like ZnO NPs
and CuO NPs, changing the physiochemical properties of nanoparticles and the
interfacial forces or energies between interacting nanoparticles, thereby, altering the
aggregation behavior of particles (Louie et al. 2015). There is an increase in the
aggregation of ZnO NPs and CuO NPs with the increasing ionic strength. However,
this trend could go in the opposite direction with the addition of humic acid
(HA) (up to 3 mg/L). Nanoparticles coated with natural organic matter had slow
aggregation even at high ionic strengths (Zhou and Keller 2010). The effect of humic
acid (HA) on metal oxide nanoparticle aggregation is related to ionic strength and
electrolyte type. For example, at low concentrations (0.004 M) of CaCl2, humic acid
inhibited aggregation of CeO2 NPs and ZnO NPs; however, humic acid enhances
aggregation of particles at high concentrations (0.08 M) of CaCl2. The sedimentation
rate of ZnO NPs was found to be higher at the lowest dissolved humic acid
concentration (1.7 mg/L) than the sedimentation rate in the absence of humic acid
(Wang et al. 2015). In addition, the influence of humic acid on the nanoparticle
agglomeration strongly depended on the reaction time (Zhu et al. 2014). It was
determined that humic acid can affect the stability of CuO NPs via steric hindrance,
charge neutralization and bridging effects (Bian et al. 2011). The structure and
conformation of natural organic matter can also be influenced by the solution pH,
since electrostatic repulsion of the ionizable functional groups of the natural organic
matter (carboxylic and phenolic groups) can result in the particles becoming more
flexible and expanded at high pH or low ionic concentrations and more rigid and
compact at low pH or high ionic concentrations (Cornelis et al. 2014; Zhang et al.
2013). The majority of studies have shown that the presence of natural organic
matter can increase the stability of metal oxide nanoparticles like ZnO NPs and CuO
NPs, even in the presence of high concentrations of salts, such as NaCl and KCl.
However, this aspect has not often been observed for divalent ions (such as Ca2+ and
Mg2+) present at levels exceeding the critical coagulation concentration
(Mashayekhi et al. 2012). The association between these selected metal oxide
nanoparticles and natural organic matter resulted in modification of the interactions,
transport, fate, and toxicity of nanoparticles. Natural organic matter (and the humic
substance (HS), humic acid (HA), and fulvic acid (FA) fractions) acts to diminish
aggregation of the nanoparticles, which increased their stability. Organic matter
alters surface charge, thus, affecting particle stability and aggregate size. However,
almost no field experiment has been performed to investigate the transport of
engineered nanomaterials in natural soils or sediments. Specific mechanisms for
the transport enhancement of natural organic matter remain unclear. Future research
should be directed to clarify the interaction of engineered nanomaterials with soil
components (e.g., natural organic matter and clay minerals) and its effect on
migration of nanoparticles in soil pores. Further work is required to elucidate the
dynamics of the interactions between engineered nanomaterials and natural organic
matter, as well as the mechanisms of stabilization and aggregation of these particles
in the environment.
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4.4.2 Nanoparticle Characteristics

Surface Coating

Surface coating has been shown to affect fate and transport of nanoparticles in a
porous medium. Due to the varying chemical compositions of nanoparticles and the
possibility of “tuning” the specific properties of nanoparticles, the effect of surface
coating on fate and transport of nanoparticles cannot be generalized. Some studies
have reported that surface coating might enhance mobility of nanoparticles, and
some studies have reported another type of observation. Bare ZnO and CuO
nanoparticles have very limited transport distances and low bio-availability in
natural soils in a short exposure time, because most of the nanoparticles are associ-
ated or complexed with various soil components (Ryan and Elimelech 1996). Given
that a majority of commercially and industrially employed nanoparticles, like ZnO
NPs and CuO NPs, are surface-functionalized, stabilized, or matrix embedded,
various derivatives of these basic metal oxide nanoparticle types may exhibit far
greater mobility upon release. For example, Jaisi et al. (2008) observed that surface
coating of ZnO nanoparticles increased its mobility in the soil column from 68% to
99% and attributed to physical retention, as the grains in the soil have irregular shape
and rough surface. Results also have shown that capped ZnO and CuO nanoparticles
can travel farther than uncoated ZnO and CuO nanoparticles; thus, they may have a
potential impact on groundwater and plants. Surface modification leads to increase
in mobility and stability of nanoparticles. For example, the study conducted by Zhao
et al. (2012) showed that the distances traveled by bare ZnO nanoparticles and
coated ZnO nanoparticles in sandy and sandy loamy soil were observed to be
19.3,5.3 and 21.4,6.9 cm, respectively. The surface coating on nanoparticles reduced
deposition rates from 0.73 to 0.65 and from 2.28 to 1.74 for sandy soil and sandy
loamy soil, respectively. This indicates that the reason behind the effect of surface
coating on nanoparticles and soil type on retention, mobility, and deposition of
nanoparticle which can be attributed to the effect of electrostatic and steric repulsion
between the nanoparticles surface and the coating or soil type provided. Under all
examined conditions, nanoparticles are mainly retained at segments near the column
inlet. The retained metal oxide nanoparticle concentrations versus transport distance
decreased faster than the theoretical prediction of log-linear decrease under all
examined conditions. Another aspect is the interaction of the surface constituent
on nanoparticles with surface functional groups on soil which might affect the
mobility of nanoparticles. For example, Johnson and Elimelech (1995) observed
that a small quantity of iron oxide coating helped in the deposition of negatively
charged surface of modified ZnO nanoparticles.

A majority of the aggregation and deposition studies conducted till date have
involved bare, non-functionalized nanomaterials. However, nanoparticles released
into the environment may be either matrix-bound or functionalized, thus altering
their behavior. For example, particles may undergo redox reactions or become
coated with organic matter. Both chemical and biological processes may result in
inadvertent surface functionalization (Chang et al. 2004). On the other hand, such
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processes may wear down or alter existing surface functionality and particle coatings
(Bailey and Nie 2003). In the aim of understanding and predicting nanoparticles’ fate
in aqueous environments, an in-depth characterization of particle surfaces following
functionalization is necessary. Regardless of prior characterization, additional parti-
cle modifications and chemical transformations can also occur upon release into the
environment.

Size

The size of nanoparticles depends on different factors, such as coating on
nanoparticles, aqueous chemistry, etc. and has been reported to affect fate and transport
of nanoparticles in porous medium. Studies have shown that large-sized nanoparticles
are retained lesser in a soil column than small-sized nanoparticles. Wang et al. (2012)
explained this aspect using the DLVO theory and attributed to the effect of interaction
energy between the nanoparticles and the sand matrix. Furthermore, it was concluded
that DLVO theory could not account for behavior of the smaller nanoparticles
(diameter ¼ 8 nm), possibly due to short-range interactions, e.g., hydration and
solvation. Further, another study (Jeong and Kim. 2009) revealed significant differ-
ences in particle deposition rates for different-sized nanoparticles. The observed
variation in particle attachment behavior was attributed to deposition in the secondary
energy well, which becomes more significant with increasing particle size. The
transport of nanoscale colloids was theoretically predicted to decrease with increasing
particle size (Elimelech et al. 1995). However, nanoparticles are prone to form large
aggregates, which can greatly inhibit their transport, thus becoming an important
component of particle capture (Hydutsky et al. 2007; Darlington et al. 2009).

A number of researchers have revealed that dispersed metal oxide nanoparticles,
like ZnO NPs and CuO NPs, can transport through porous media, while, the pristine
engineered nanomaterials are prone to form aggregates and are filtered by the grains
(He et al. 2007; Kanel et al. 2008; Saleh et al. 2008; Schrick et al. 2004; Yang et al.
2007). However, to date, there are different understandings and opinions about the
effect of size of nanoparticles on their transport in porous media. Schrick et al.
(2004), for example, calculated the filtration length of metal oxide nanoparticles
through sand and soil columns, indicating that 30–100 nm diameter particles had
poor transport properties compared to particles in diameters ranging from 400 to
500 nm. Further, metal oxide nanoparticles, like ZnO NPs and CuO NPs, may
aggregate to become microscale particles, which can be retained by the media due
to physical screening if the size of the aggregate is larger than the pore through which
fluid is flowing (Gajjar et al. 2009). The capture or filtration of particles by the
collector surfaces is determined by the chemical-colloidal interaction between par-
ticles and surface, which, in turn, is regulated by solution chemistry (e.g., pH, ionic
strength, and co-existing organic matters) and chemical characteristics of particles
and surfaces. Physical parameters, such as particle size, fluid velocity, grain size, and
water temperature can also play important roles in the filtration of the engineered
nanomaterials (Dimkpa et al. 2011). The transport of these nanoparticles is more
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complex than microscale particles because of their tendency to aggregate, which
strongly depends on particle size in the nanoscale regime. In contrast, Pelley and
Tufenkji (2008) pointed out that at low ionic strengths, the attachment efficiency
between latex particles and quartz sand collectors increased with increasing particle
size, i.e., the migration of latex particles decreased with the increase in particle size.
The change of particle filtration with particle size can also result in complex effects,
because some properties, such as charge, surface energy, and particle morphology,
can also have an effect on the particle size (Elimelech et al. 1995). Particle (or soil)
morphology might affect the transport behavior. However, very few experimental
studies have been designed to reveal the effect of particle morphology on the
transport of nanoparticles in porous media. More studies are required to understand
this aspect. Also, unusual particle shapes might give rise to additional capture
mechanisms (e.g., straining) which might result in unpredicted nanomaterials trans-
port patterns and thus need to be studied in detail.

Many of these same challenges apply when considering nanoparticle aggregation
and deposition in natural settings, given that, an in-depth particle characterization is
required to fully understand particle mobility. Most deposition and aggregation
studies have been conducted with simplified model laboratory systems. However,
while providing important insights, particle behavior in model laboratory systems
might not be representative of that observed in far more complex natural environ-
ments. Bridging due to the adsorption of certain polymers onto particle surfaces can
result in heightened aggregation. Most common experimental and theoretical
approaches used for evaluation of nanomaterial deposition and aggregation are
applicable for spherical particles only. Quantification and limited knowledge
are major impediments in this area. Also, major knowledge gap arises due to a
lack of analytical tools capable of characterizing and quantifying nanoparticles in
complex environmental matrices which needs to be worked upon and addressed at
the earliest.

Surface Chemistry

Surface chemistry of ZnO NPs and CuO NPs is another key factor that can control
the mobility of these nanoparticles in porous media. Generally, hydrophobic surface
of nanoparticles will lead to nanoparticle aggregation and sedimentation out of the
flowing solution, while engineered nanomaterials with hydrophilic surface can be
relatively easily dispersed and transported with the water flow (Hotze et al. 2010).
Surface charge is another important property that can dominate the migration of ZnO
NPs and CuO NPs in porous media (Darlington et al. 2009). Thus, positively
charged engineered nanomaterials will be readily electrostatically attracted to the
soil surface. This trend was also explained earlier in the case of activated carbon
media (Piplai et al. 2017). Both the nanoparticles with such higher negative charges
are believed to be more mobile in soil matrix because of the stronger electrostatic
repulsion between the nanoparticles and soil particles and between nanoparticles
themselves as well. Therefore, various methods have been applied to modify the
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nanoparticle surface properties to control (enhance or restrict) their transport in
porous media, among which surface functionalization with hydrophilic functional
groups (e.g., � OH and –COOH) and surface physical modification using polymers
or surfactants are two commonly adopted methods (Phenrat et al. 2008; Hotze et al.
2010). Investigations into the mobility of these two nanoparticles in porous media
have shown that altering the surface functional groups of nanoparticles can result in
significant differences in their transportability due to the increased hydrophilicity
and/or surface charge (Pelley and Tufenkji 2008). Solution pH controls the solubility
of these metal-based nanoparticles and their surface charges and thus also the
electrostatic interactions between nanoparticles and between nanoparticles and
porous media (Doshi et al. 2008).

Temperature is another solution property that influences the transport of these
metal oxide nanoparticles like ZnO NPs and CuO NPs in porous media. Elimelech
et al. (1995) analyzed the effect of solution temperature on particle migration in soils
and aquifers, indicating that transportability of these nanoparticles decreases with the
increase in solution temperature because high temperature increases the Brownian
motion (Fig. 4.2) of colloids and thus enhances the capture of these particles by the
media particles.

It is a known fact that nanoparticles are unstable, and after undergoing reactions
due to varied surface chemistry properties, they also undergo a transformation that
will dramatically affect their size distribution and surface properties. However,
understanding these various aggregation or disaggregation reactions to clearly
understand the surface properties of these metal oxide nanoparticles remains the
most difficult task so far and needs to be worked on.

Mixture of Nanoparticles

Effects of solution chemistry (pH, ionic strength), soil type, flow rate, surfactant,
natural organic matter, and nanoparticle concentration have been observed in the
transport of nanoparticles in porous media as seen from Table 4.1. These studies
focused on single nanoparticle transport. However, since more than one nanoparticle

Fig. 4.2 Schematic
representation of the effect
of flow transport parameters
in a column (ZnO NPs, zinc
oxide nanoparticles; CuO
NPs, copper oxide
nanoparticles)
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are getting into landfill or soil, there are high chances of simultaneous release of
nanoparticles into soil and ultimately into groundwater. There is a need to investigate
the effects mentioned above with respect to co-transport of nanomaterials. However,
very few researchers are working on understanding the fate of engineered
nanomaterials in porous medium during co-transport of more than one type of
engineered nanomaterials and/or mixture of inert and biocolloids or on understand-
ing interaction with porous medium in batch studies. Figure 4.3 illustrates a sche-
matic representation of the effect of the ions along with the co-solutes that are
present in the soil on the fate and transport of the metal oxide nanoparticles.

Studies focusing on co-transport of metal oxide nanoparticles in porous media are
very scarce and pose to be a big knowledge gap. Much of what is understood or
proposed is derived from experience with colloidal particles or metals.

Some studies have focused on understanding the effect of colloids on contami-
nant transport in porous media as well as on understanding co-transport of
biocolloids with colloids. For example, Syngouna and Chrysikopoulos (2013) stud-
ied co-transport of clay colloids and viruses in water-saturated porous media in
laboratory columns and examined the combined effects of clay colloids and pore
water velocity on virus transport and retention in porous media. They reported that
mass recovery of viruses and extent of virus transport values were observed to
decrease compared to those in the absence of clays indicating the effect of clay on
retention of viruses. Further, Seetha et al. (2015a) modeled the co-transport of
viruses and colloids in unsaturated porous media using experimental data from
literature (Syngouna and Chrysikopoulos 2013; Walshe et al. 2010) and reported
good agreement and fitted breakthrough curves under both saturated and unsaturated
conditions. In another study, Seetha et al. (2015b) developed correlation equations
for determining average deposition rate coefficients of nanoparticles in a cylindrical
pore as a function of nine pore-scale parameters. However, these studies have not
focused on understanding the fate of engineered nanomaterials in sand or soil during
co-transport of engineered nanomaterials which might be a realistic case given the

Fig. 4.3 Schematic
representation of the effect
of ions and co-solutes in soil
media (ZnO NPs, zinc oxide
nanoparticles; CuO NPs,
copper oxide nanoparticles)
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possibility of contamination of sludge with different types of engineered
nanomaterials. In this direction, two types of studies have been recently done: one
focusing on interaction of mixture of ZnO and CuO nanoparticles with activated
carbon in batch studies (Piplai et al. 2017) and another study (Piplai et al. 2018)
which compared removal and transport of two types of nanoparticles in an activated
carbon column bed. In the batch study, Piplai et al. (2017) studied the effects of pH
and activated carbon (AC) concentration on the removal of a colloidal solution of
nanoparticles (NPs) (ZnO + CuO) using activated carbon in batch kinetic studies.
They observed that in a colloidal solution containing mixture of zinc oxide
nanoparticles (ZnO NPs) and copper oxide nanoparticles (CuO NPs), adsorption
capacity of activated carbon (AC) for Zn in deionized water was 0.71 � 0.051 mg/g
(74.7% removal) and in wastewater was 0.576� 0.019 mg/g (69% removal) and for
Cu in deionized water was 0.82 � 0.017 mg/g (81.2% removal) and in wastewater
was 0.6 � 0.032 mg/g (71.5% removal). Further, in column study, they observed
that superficial velocity, concentration of engineered nanoparticles, and different
types of nanoparticles influenced the removal at room temperature (p-value lesser
than 0.05). Ninety percent removal of ZnO NP and CuO NP, for both single and
binary suspensions, were achieved for a concentration of 1 mg/L and 10 mg/L of
ZnO NPs and CuO NPs. They noticed that the breakthrough was reached faster for
total Cu and Zn in binary mixture of nanoparticles than in single nanoparticle
suspension. These types of information are required for natural soils, so that its
implications on soil contamination and groundwater contamination can be studied.
Overall, the above mentioned studies indicated that efforts have been started for
studying the fate and transport of mixture of nanoparticles; however, none of these
studies focus on the co-transport of engineered nanomaterials in natural soils.
Further work is required for getting more understanding in this direction.

4.5 Conclusion

This study presented a summary of findings of column studies focusing on fate and
transport of nanoparticles. Even when considering one type of particle, several
factors complicate comparison among studies. These factors are variability in par-
ticle size and concentration, water chemistry (i.e., electrolyte species, ionic strength,
and pH), flow velocity, and choice of collector surface. Out of the two nanoparticles
selected for this study, CuO nanoparticles hardly have data regarding its fate and
transport in sand or soil columns. A very limited number of nanoparticles have been
studied like TiO2, Ag, etc. The effect of co-solutes on the transport of nanoparticles
in soil or porous media still needs to be addressed. Moreover, given the importance
of particle surface properties, direct comparisons between experiments involving
bare and surface-modified nanoparticles are difficult to make. It is essential to
elucidate which physicochemical interactions govern particle-surface and particle-
particle interactions under conditions representative of the aquatic environments.
While a great deal of work analyzing the behavior of micrometer-sized particles in
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various aquatic environments has been performed, limited data (and quantitative
analysis) are available for nano-sized particles, both in terms of aggregation and
deposition. Overall, there are many unknowns regarding the environmental fate,
transport, exposure, ecotoxicity, and life cycle of nanoparticles. It is necessary to
define and understand the environmental and health impacts of the nanoparticles for
the development and understanding of the environment and the system. Further,
similar information about the fate of mixture of metal oxide nanoparticles in soil is
also not available. It is important to study co-transport of engineered nanomaterials
in porous medium as environmental media are expected to contain more than one
type of engineered nanomaterials, which might lead to different fate and transport of
different engineered nanomaterials and their associated ions through porous
medium. Although some studies have focused on this aspect, none of these studies
have focused on understanding the effect of co-transport of engineered
nanomaterials in porous medium like natural soil, sand, etc. on their retention and
breakthrough profiles. Further it is also important to know how this condition
influences column operating parameters.

The following actions need to be taken to address the knowledge gaps identified:

1. Conduct short-term and long-term studies at laboratory scale for predicting the
behavior of mixture of nanoparticles in natural soil condition by varying envi-
ronmental realistic parameters like ionic strength, natural organic matter, nano-
particle concentration, and flow rate.

2. Conduct experiments delineating mechanism/factors of deposition and mobility
of nanoparticles; consider combined effects of all the parameters leading to
nanoparticle retention during calculation of particle collision/attachment
efficiency.
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Abstract Access to clean and cheap water resources is the global challenge and is
one of the United Nation’s Sustainable Developmental Goals. The problem is
becoming overwhelming due to rapid increase in the world’s population, global
climatic changes, high-energy demands, and municipal and industrial contamination
that threaten the reservoirs and sustainable supply of freshwater. Agricultural activ-
ities on the other hand are drawing more and more freshwater and continue to
contaminate the freshwater reservoirs. These and other factors continue to press
the need for technological advancement to safeguard against the scarcity of
freshwater.

Modern-day water treatment technologies demand new approaches and improved
materials for water resource conservation and management. Along with other long-
range industrial applications, nanotechnology has the promise to ensure sustainable
availability of clean drinking water and conservation of water resources through
applying advance materials and techniques for water purification, conservation, and
reuse. Current advancements in nanotechnology indicate that the many problems
related to water quality can be successfully addressed by applying nanomaterials in
the form of adsorbents, catalysts and catalytic membranes for enhanced filtration.
The nanotechnology can be used in the key areas of water purification separations,
bioremediation, and water disinfection with significant cost reduction and creating
new economic opportunities for developing and underdeveloped countries. In this
chapter, we review recent advancements in nanotechnologies for water purification,
future direction and practical challenges in their commercialization and potential
risks associated with nanoscale water remediation.

Keywords Nanotechnology · Bioremediation · Disinfection · Fullerene ·
Nanotubes · Nanosilver · Titania · Zinc oxide · Peptides · Chitosan · Bacteria · Virus ·
Membrane

5.1 Introduction

Supplying clean and affordable drinking water to the human population is the
biggest challenge of the twenty-first century. The world’s freshwater resources are
continuously under stress due to rapid increase in population, climatic changes,
intensive agriculture and industrial growth. Millions of people around the world
have no access to clean and affordable drinking water and suffer from waterborne
diseases (Devanathan 2017). Nanotechnology has a great potential to ensure provi-
sion of clean drinking water for the human population through increasing efficiency
of wastewater and unconventional water resources. Nanotechnology has a wide-
ranging application in various fields such as industries, storage technologies, optical
and photonic applications, biotechnology and health care, but nowadays,
nanomaterials and nanotechnology are extensively used as environmental cleanup
strategies for the protection of environment through pollution control and
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wastewater treatment. Nanotechnology is used to purify contaminated water either
by filtration or by separation techniques. Nanomaterials are extensively applied as
separation media to remove organic and inorganic contaminants from water. The
application of nanotechnology cannot only reduce the overall costs of water treat-
ment on a large scale but can also reduce the cleanup time and level of contaminants
to near-zero level in ecosystems.

5.2 Wastewater Treatment

Industrial operations require a large amount of water and thus produce large quan-
tities of wastewater. The wastewater contains high concentrations of dissolved
organic (dyes, etc.) and inorganic (heavy metals, etc.) contaminations. Traditionally,
physical and chemical methods are used for the purification of industrial wastewater.
These methods include precipitation, solvent extraction, ion exchange, ultrafiltra-
tion, reverse osmosis, flotation, coagulation, etc. All of them have their own merits
and demerits. Most of these methods suffer from their inherent limitations such as
low uptake of contaminants, high regeneration costs, low selectivities, and poor
thermal, chemical, and mechanical stabilities. Filtration methods such as ultrafiltra-
tion, nanofiltration, and reverse osmosis are suitable alternatives to chemical sepa-
ration. A major problem with filtration techniques is the disposal of concentrated
sludge and regular cleanups and replacements are required which render them costly
for the large-scale water treatment. To overcome the challenges of traditional
wastewater treatment methods, modern-day technologies make use of more efficient
methods for water purification. These techniques are based on nanocomposite
membranes, polymeric adsorbents, and adsorption on nano-sized particles for the
selective removal of the target contaminants present in industrial effluents and
drinking water.

Nanoscale materials are very suitable for wastewater treatment and purification
than their conventional counterparts due to their unique properties such as high
surface area, high reactivity, greater opportunities for surface functionalization, and
high selectivity for target contaminants. All these characteristics make them attrac-
tive candidates for their utility in adsorbents, catalysts, and sensors. Advancements
in nanoscience and engineering offer immense opportunities to design new cost-
efficient and eco-friendly water purification systems. Nanotech composite mem-
branes, filters, and other materials can be regenerated and reused for a number of
cycles, and thus the overall costs of water purification processes can be reduced.
Figure 5.1 shows various technologies used for water desalination (Humplik et al.
2011). In this chapter, we present an overview of the various materials and tech-
niques of nanotechnology for water remediation.
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5.3 Carbon-Based Nano-adsorbents

5.3.1 Organic Contaminant Removal

This class of nanomaterials consists of carbon nanotubes and activated carbons.
Carbon nanotubes have high adsorption capacity than activated carbons (Yang and
Xing 2010). The high adsorption capacity of carbon nanotubes originates from their
large surface area and diverse interaction sites. Therefore, carbon nanotubes are
more efficient adsorbent for the organic contaminants. Carbon nanotubes form loose
aggregates due to their hydrophobic surface which contains interstitial channels that
act as adsorption sites for organic molecules. On the other hand, activated carbons
possess micropores which are inaccessible to bulky organic molecules such as
antibiotics and pharmaceutical agents. Another disadvantage of the activated car-
bons is their lower affinity for small-sized polar organic molecules, while carbon
nanotubes have much higher adsorption affinity for smaller organic molecules. This
high reactivity of carbon nanotubes for organic molecules is due to their hydropho-
bicity, H-bonding, and covalent and electrostatic interactions with these molecules.

Fig. 5.1 Schematic diagram of major desalination technologies and their relative contributions to
worldwide installed capacity for seawater and brackish water desalination. Multistage flash
accounts for 44.4%, reverse osmosis 41.1%, multieffect distillation and thermal methods 8.4%,
and electrodialysis and other methods 6.1%. (Adapted from Humplik et al. (2011), copyright© IOP
Publishing. Reproduced with permission. All rights reserved)
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5.3.2 Heavy Metal Removal

The carbon nanotubes’ surface possesfunctional groups like hydroxyl, phenol, and
carboxyl that can electrostatically interact and make a chemical bond with heavy
metal ions. Carbon nanotubes are therefore good adsorbents and offer fast kinetics
for heavy metal ions removal. Carbon nanotubes are wide-spectrum adsorbents than
activated carbons and have better adsorption capacities and fast kinetics for metal
ions like lead, mercury, cadmium, etc. (Lu et al. 2006). The surface of the carbon
nanotubes can be tuned by suitable functional groups for targeted removal/pre-
concentration of contaminants for analytical applications.

5.4 Antimicrobial Nanomaterials

This class of nanomaterials consists of natural antibacterial agents, metals/oxides,
and engineered nanoparticles. Various antimicrobial agents and their disinfection
mechanisms are summarized as follows.

5.4.1 Chitosan and Peptides

The powerful oxidizing agents (chlorine, chloramines, and ozone) used nowadays as
water disinfecting agents produce harmful by-products such as aldehydes, haloacetic
acids, and trihalomethanes in drinking water. Some of them are carcinogenic and
severely toxic for humans. Some alternate disinfection methods are required to avoid
the use of harmful chemicals. The nanoparticles are supposed to be the suitable
alternative for the chemical disinfection methods. They are relatively inert and also
do not produce disinfection by-products in drinking water. Synthesized chitosan and
peptides play a significant role in low-cost water decontamination systems. The
antibacterial action of peptides is believed (Prathamesh 2011) to originate from the
osmotic failure due to formation of microchannels in cell membranes. Various
theories have proposed to explain the antimicrobial properties of chitosan
nanoparticles. One mechanism proposed that chitosan nanoparticles enter into the
cell membrane and bind with deoxyribonucleic acid (DNA) and thus hinder
ribonucleic acid (RNA) synthesis. Chitosan and peptides are used in surface coating
of water tanks or as antimicrobial agents in membrane applications.
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5.4.2 Silver Nanoparticles

Silver and its compounds are historically known to exhibit antimicrobial abilities and
are used in disinfection and water treatment applications. Silver nanoparticles are
known to have a wide range of antimicrobial activity. The antimicrobial activity of
the silver nanoparticles stems from their chemical affinity for sulfur and phosphorus
which is key for their biological activities. Silver nanoparticles release a large
amount of free silver ions (Ag+) that can bind to the thiol groups of enzymes and
protein and make them inactive. Silver ions also prevent DNA and RNA replication
and damage them. Silver nanoparticles display photocatalytic activity in the pres-
ence of ultraviolet light and are therefore useful antimicrobial agents. Nanoparticles
of silver in zerovalent state have been shown to have antimicrobial and antiviral
activities and are promising material for application in water purification plants.
Currently, a number of water treatment technologies use silver nanoparticle-
impregnated membrane for water purification. Some devices using silver
nanoparticles are already available in the market, e.g., aqua pure and marathon
systems. Silver nanoparticles are also employed in ceramic microfilter for pathogen
disinfections.

5.4.3 Titania Nanoparticles

Titania nanoparticles show excellent antimicrobial activity and are widely applied in
disinfection applications nowadays. Titanium dioxide nanoparticles are easily avail-
able, are low cost, and have low toxicity (Liu et al. 2017) and show excellent
photocatalytic activity in the presence of ultraviolet (UV) or sunlight. The
antibacterial activity is due to the production of peroxides and hydroxyl free radicals
in the cell under UV light. The antimicrobial activity of titanium dioxide can be
enhanced by doping with other metals. These nanoparticles can also be used as
membrane filter, suspension, or coating on the UV reactor surface.

5.4.4 Zinc Oxide Nanoparticles

Zinc oxide nanoparticles act as strong antibacterial agents against a wide range of
bacteria. Like titania, zinc oxide nanoparticles continue to be explored for the
removal of organic contaminants from drinking water samples. The antibacterial
action of zinc oxide nanoparticle is not yet well established, but it is believed that the
photocatalytic activity of zinc oxide nanoparticles arises from the production of
hydrogen peroxide which oxidizes the cell components. Another mechanism sug-
gests that these nanoparticles enter into the cell, disorganize the cell membrane, and
thus inhibit bacterial growth. Some researchers have used zinc oxide nanoparticles
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for sensing and photocatalytic degradation of chlorinated phenols (Ba-Abbad et al.
2017). Researchers are also interested to modify the surface of nanoparticles with
organic/inorganic dyes for their photochemical applications in visible light for the
degradation of environmental pollutants. Zinc oxide nanoparticles are considered
harmful to aquatic life and their use in drinking water treatment is limited.
Nanomaterials used as antimicrobial agents for various technological applications
are summarized in Table 5.1.

5.5 Polymeric Nano-adsorbents

5.5.1 Dendrimer-Assisted Filtration

Dendrimers are tailor-made adsorbents which are used for the removal of heavy
metals and organic contaminants. They are highly advanced materials that can
remove both heavy metals and organic pollutants in a single-step process. The
interior hydrophobic part of the dendrimers can adsorb the organic, while the
exterior branches are functionalized with organic functional groups such as amines
and hydroxyl for trapping toxic heavy metals (Ali et al. 2015). The sorption
mechanisms for dendrimer-enhanced filtration are usually complexation, electro-
static attraction, and H-bonding. Some researchers (Sajid and Nazal 2017) have

Table 5.1 Nanotechnological applications using antimicrobial nanomaterials

Nanomaterial
Antimicrobial
mechanism Current applications

Potential future
applications

Silver Discharge of Ag+ ions,
damage DNA, disrupt
cell membrane and elec-
tron transport

Used in water filters,
medical devices, and
coating in washing
machine, refrigerators,
and food containers

Membranes and sur-
face coatings

Zinc oxide Cause destruction in cell
membrane, produce
hydrogen peroxide, and
discharge Zn+ ions

Used in antibacterial
cream, self-cleaningglass,
lotions, ointment, and
ceramics

Titania Produce reactive oxygen
species and damage cell
wall and cell membrane

Used for organic pollutant
degradation, in air purifier
and water purification
systems

UV disinfection of
waste water,
biofouling-resistant
surfaces, and reactive
membranes

Carbon
nanotubes

Physically compromise
cell envelope

None Biofouling-resistant
membranes, carbon
hollow fiber, filter, etc.

Chitosan Destroy the structure of
membrane

Used in personal care
products, biomedical
products, and wastewater
treatment

Immobilizer of bacte-
ria, enzymes, and other
biological molecules/
biosorbents
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designed dendrimer-based ultrafiltration assembly that was successfully used for the
removal of metal ions and organic pollutants from water. In addition, highly efficient
chitosan-based nano-adsorbents have also been effectively used for the removal of
anionic dyes from textile wastewaters. The nano-adsorbent was biodegradable
and was nontoxic, which achieved almost complete removal of textile dye. Opera-
tion complexity and multistage cost-intensive dendrimer synthesis are the key
restrictions in their commercial-scale applications; however, their commercial
entry is ongoing, and some companies in China commercially supply polymer-
based filtration devices. A typical dendrimer-based filtration assembly is sketched
in Fig. 5.2 (Theron et al. 2008).

5.5.2 Zeolites

Zeolites are ordered microporous aluminosilicate molecular sieves with a pore size
of about 3–8 �A. Zeolites are either naturally occurring or synthesized at high
temperature. The size of zeolites can be controlled to a few nanometers or centime-
ters by varying synthesis conditions. Zeolites are highly porous materials, and their
porosity varies among different zeolite families and is generally in the range of

Fig. 5.2 Dendrimer-enhanced filtration. (Adapted from Theron et al. 2008, copyright© Taylor &
Francis LTD, www.tandfonline.com)
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30–40%. The high porosity of zeolites in addition to high surface area has led to their
application in separation and catalysis. The most common commercial use of zeolite
is as an adsorbent during various chemical processes. High mechanical/chemical
stability and high surface area make them particularly interesting for water purifica-
tion and ion exchange. The type of embedded cation, size, charge, and the extent of
exposure have great effect on their adsorption properties and selectivity. Zeolites
having higher Si contents are hydrophobic in nature and have high affinity for phenol
adsorption (Wiesner and Bottero 2007). Thin-film nanocomposite membranes hav-
ing nanozeolites in their polyamide layer possess enhanced permeability for water
molecules and block hydrated ions due to their hydrophobic nature. The Ag+ ions
embedded in zeolites can also act as antimicrobial agents, where the Ag+ ions are
released through ion exchange. When used for water remediation, the Ag+ attacks
the microorganism and inhibits their production; a similar disinfection mechanism is
reflected in the operation of Agion® (Sciessent LLC, Wakefield, MA, USA). When
placed in water, a small amount of silver is released which acts as a disinfection
medium. Such nanocomposite membranes are in the early stage of marketing. Some
natural zeolites, for example, clinoptilolite and chabazite, are used for the removal of
radionuclide such as 90Sr and 137Cs from radioactive wastewater. Zeolites are also
used for the cleaning of radionuclear wastes produced from nuclear power station
crash. Zeolites are effective in the elimination of toxic heavy metals from ground-
and runoff waters, whereas clinoptilolite is very selective for removing ammonium
ion (NH4

+) from wastewater. On the other hand, surface-modified zeolites have
shown higher efficiency for humic acid and nitrate adsorption than commercially
available zeolites. Nanometric-sized zeolites have also been synthesized to selec-
tively oxidize toluene to benzaldehyde (Jesudoss et al. 2018). This oxidation is more
environmentally friendly with minimum energy requirement, and no harmful sec-
ondary photochemical reactions occur.

5.5.3 Cyclodextrins

Cyclodextrins are cyclic oligosaccharide polymeric particles having well-defined
cylindrical holes for the entrapment of organic pollutants. Cyclodextrins are homo-
geneous crystalline substances having glucopyranose rings. These rings are made of
6, 7, and 8 glucopyranose units. Cyclodextrin polymers are obtained in the form of
powders, granules, and thin films for use in different devices and water treatment
applications. Cyclodextrins are not only used for water treatment but are also used
for the removal of organic contaminants and cleaning of oil. Cyclodextrins have a
remarkable ability of forming inclusion complexes with liquids, solids, and other
gaseous molecules through chemical complexation. During this chemical complex-
ation reaction, other guest solid, liquid, and gaseous molecules are entrapped within
the pores and cavities of the cyclodextrins. The researchers have shown that cyclo-
dextrins can remove a wide range of organic pollutants such as fertilizers, explo-
sives, pesticides, acetones, fluorines, and polyaromatic hydrocarbons. These reports

5 Nanotechnology for Water Treatment 151



have shown that cyclodextrins have better performance than zeolites and activated
carbons and can reduce these organic contaminants in water to parts per trillions,
while activated carbons and zeolites can reduce them to only parts per million level
in water (Amit et al. 2011). In addition to better cleaning performance, cyclodextrins
have strong bonding interactions with organic pollutants than activated carbons.
Cyclodextrins are nonhygroscopic in nature and are not deactivated and deteriorated
by the absorption of water and can be effectively used in humid conditions. They can
form a very strong bond with the pollutants and are not leached once they are
adsorbed on the surface. Cyclodextrins have adsorption capacities of 22 mg of
organic contaminants per gram of the cyclodextrin polymer in comparison with
58 mg/g of activated carbons. Cyclodextrin polymer is cheaper and can be reused
several times without any significant decrease in the adsorption capabilities. Cyclo-
dextrins can be easily regenerated by using alcohols such as ethanol and methanol. In
addition to these advantages, cyclodextrin can also be packed in columns and bed
filters for the treatment of water, and granular cyclodextrin can be directly poured
into the water and can also be used in the form of membrane. Different physical
forms of cyclodextrins allow the flexibility of design for water treatment applications
and can be used in water filters, in membranes, and as adsorbent. Cyclodextrins have
been shown to remove highly toxic cyanobacteria from drinking water and agro-
compounds such as para-nitrophenol and methyl chloride and have been compared
with activated carbons and mesoporous silica. Chemically conjugated beta-
cyclodextrins have been shown to remove azo dyes such as Evans blue and Chicago
sky blue and aromatic amines from water. Further, cyclodextrins and their deriva-
tives can also remove pesticides, polyaromatic hydrocarbons, methane, ethers, and
esters. In addition to these, cyclodextrin-impregnated ceramic filters have been
effectively used for the purification of water and removal of environmental contam-
inants. Cyclodextrin derivatives have also been used for the removal of metals such
as lead and mercury from soil.

5.5.4 Fullerenes

Fullerene is a special class of compounds entirely composed of carbon atoms. The
first representative of this class is buckminsterfullerene which was discovered in
1985 and contains 60 carbons, forming a hollow spherical cage. Currently fullerenes
are not used in water treatment but have potential applicability. Like fullerol or
hydroxylated fullerene, comparatively C60 is nontoxic and is believed to possess
photocatalytic activity and can be used for water disinfection or photochemical
degradation of contaminants. Carbon nanotubes are another class of fullerene and
have been reported to have antimicrobial properties. Carbon nanotubes have been
discussed in detail in Sect. 5.6.5 of this chapter. The antimicrobial ability of this class
of compounds is due to the production of reactive oxygenated species which
ruptures the DNA of the bacterial cell and inactivates virus. The antimicrobial ability
of nanoparticle can overcome the problems associated with traditional chemical
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disinfections of chlorine and ozone. These nanoparticles can overcome the problems
of production of harmful by-products and short-term reactivity associated with
chemical disinfection. The reactive oxygenated species produced by fullerene
could be utilized for the production of oxidizing species to degrade organic pollut-
ants in water. The ability of fullerene to rupture DNA and inactivate virus could be
effectively used for water disinfection. Fabricating the fullerene-based membrane
can overcome the problem of biofouling of the membrane frequently encountered in
membrane filters. The derivative of fullerene can be potentially used in
photocatalytic water treatment such as amino fullerene which can produce singlet
oxygen species (1O2) on exposure to visible light having wavelength less than
550 nm. Amino fullerene under visible light irradiation has been used to study the
degradation of pharmaceutical compounds and inactivate viruses. The fullerenes are
more expensive and are not as radially available as other nanoparticles, and their
application for water treatment is still in research stage.

5.5.5 Functionalized Silica as Nano-adsorbent

They are functionalized ceramic materials with hexagonal nanoporous structures.
Silica is the polymeric form of silicic acid that consists of repeated SiO4 units
arranged tetrahedrally. Ordinary silica is synthesized from silicon tetrachloride,
orthosilicates, or sodium silicates. Silica aerogels have gained widespread popularity
and attention of researchers since their discovery in 1992 (Mobil research group).
Silica possesses high surface area, low density, high mechanical, chemical, and
thermal resistance that led to their widespread practical applications in catalysis
and separation. Silica has a highly porous three-dimensional structure which is
accessible to the sorbed molecules. The traditional harsh processing conditions for
the synthesis of silica make it inconvenient to incorporate temperature-sensitive
organic molecules during the synthesis of organic-inorganic hybrids. Therefore,
sol-gel process is widely used for the synthesis of highly porous silica glasses. The
sol-gel silica, due to operation simplicity, allows the incorporation of temperature-
sensitive dopants into the silica matrix for the synthesis of hybrid silica and has
universal technical and commercial importance. Suitable organic functional groups
can be grafted on the surface of silica, which allow this class of materials to bind a
wide range of organic contaminants and heavy metals in case of ground- and
wastewater remediation. Generally, three steps are involved in the synthesis of silica
such as (1) preparation of highly ordered liquid crystalline micelle template,
(2) oxide precipitation on micelle surface, and (3) calcination of oxides to remove
organic template and addition of silanes to form a monolayer. In their specific
application for the waster/wastewater treatment, these functionalized silicas are
dispersed in the polluted water, where they bind the contaminants by electrostatic
interaction or through formation of a chemical bond. The dispersed nanosilica
adsorbent can be recovered by filtration and recycled after the removal of target
contaminants. Functionalized nanomaterials such as metal oxides, carbon nanotubes,
dendrimers, and zeolites are shown in Fig. 5.3 (Savage and Diallo 2005).
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5.6 Membranes and Membrane Processes

The use of membranes and membrane system for water purification and desalination
is growing rapidly. Their function is to create a physical barrier for the contaminants.
These membranes are characterized by their repeated use, full automation, and less
chemicals and allow flexible design. But the major problems of membrane fouling
such as organic and biofouling are the barriers in their applications for wastewater
treatment. High-energy requirements due to membrane fouling is another barrier in
the widespread applications of pressure-driven membrane processes. Modern-day
water treatment technologies aim at the removal of toxic constituents from water, but
the diversity of these undesired constituents and their properties demand multistage
operations. The introduction of photocatalytic materials avoids fouling but makes
the membrane “reactive” instead of creating a characteristic “physical barrier” that
can achieve multiple treatment goals in one reactor. The efficiency and performance
of the membrane is usually decided by the membrane material. Introduction of
functional materials into membranes improves their permeability and thermal/
mechanical stability and increases their resistance to fouling. These functional
materials are also helpful in pollutant degradation and self-cleaning of the
membranes.

Fig. 5.3 Functional nanomaterials evaluated for water purification. (Adapted from Savage and
Diallo 2005), copyright © 2005, Springer Nature)
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5.6.1 Nanofiber Membranes

Nanofibers are produced by electrospinning of different materials like polymers or
ceramics in an electric field (Fig. 5.4) (Ahmed et al. 2013). The nanofibers have high
surface area, high porosity, and complex pore structure. The various properties of
nanofiber such as chemical composition, morphology, and diameter and the spatial
arrangement of electrospun fiber can be tuned for the specific applications accord-
ingly. They are used as a pretreatment procedure before reverse osmosis.
Nanofibrous membranes have been utilized commercially for air filtration but have
not been applied for water purification yet. These membranes can clean micro-sized
particles from aqueous solutions and have significant resistance to fouling. Addi-
tionally, organic functional groups can be also incorporated in nanofibers during
electrospinning of solution to synthesize affinity membrane for water treatment and
desalination (Cloete et al. 2010). Such polysulfonate-functionalized membrane is
able to decompose organic pollutants such as nitrophenols and can selectively bind
metal ions. Similarly, silver-doped nanoparticle membranes have also shown great
promise for binding some bacteria such as E. coli and P. mendocina and were also
effective in virus removal. Such membranes also offer resistance to biofouling
because the Ag+ ions prohibit the attachment of bacteria to the membrane surface.
An electropositive nanofiber filter called NanoCeram is already patented (Argonide
Corporation, Sanford, USA). NanoCeram has a high surface area and is produced in
large quantity by sol-gel reaction. Such membrane can capture bacteria, virus, and
protein through an electrostatic effect.

Syringe with
Polymer Solution

Taylor cone

Collector

Ground

High Voltage
Power supplyV

Fig. 5.4 Electrospinning technique for modification of nanofiber membrane. (Adapted from
Ahmad et al. 2013)
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5.6.2 Nanocomposite Membranes

One of the research objectives of nanotechnology-induced water filtration is to
reduce membrane biofouling. For this purpose, a number of studies have been
devoted to incorporate nanomaterials into polymeric and inorganic membranes.
Nanoparticle oxides such as silica, alumina/titania (Al2O3, TiO2), and zeolites
have been used for this purpose. Besides, nanoparticles with antimicrobial actions
such as nanosilver, carbon nanotubes, and photocatalytic nanomaterials such as
titania have been incorporated into membrane systems. These inorganic
nanomaterials increase resistance to fouling, enhance mechanical and thermal sta-
bility, and reduce thermal permeability of the polymeric membranes. Nanosilver-
grafted polymeric membranes have increased biofouling resistance due to bacterial
inhibition and viral inactivation, but the long-term resistance to biofouling is still a
problem which needs to be addressed for their effective and long-term applications
in water treatment technologies. Photocatalytic nanoparticle-incorporated mem-
branes utilize the advantages of physical separation of the membrane as well as
the chemical reactivity of nanoparticles for organic contaminant degradation such as
chlorinated compounds.

5.6.3 Thin-Film Nanocomposite Membranes

Thin-film nanocomposite membranes are synthesized by doping or casting
nanomaterials into the active layers of thin films. The nanomaterials usually incor-
porated in thin films are nanosilver, titania, and zeolites. The performance of these
membranes depends on the type and amount of nanomaterials involved. Nanozeolite
is the most frequently used material in such applications. Various studies have
shown that the incorporation of zeolite leads to enhanced permeability of the
membrane and the development of negative charge on the membrane surface.
Nano-sized zeolite also acts as a carrier for antimicrobial agents such as Ag+ and
increases antifouling ability of the membrane. Zeolite-based thin-film
nanocomposite membrane technology has achieved the early stage of commercial-
ization and quantum flux (NanoH2O, Los Angeles, CA, USA); seawater treatment
membrane is available in the market.

5.6.4 Forward Osmosis

Forward osmosis is a membrane technique which makes use of osmotic gradient and
draws water from low osmotic pressure to high osmotic pressure solution. The draw
solution is then treated thermally, or by reverse osmosis, to produce pure water.
Forward osmosis does not require high pressure and makes the membrane less
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susceptible to fouling than ordinary pressure-driven reverse osmosis. Some
chemicals like sodium chloride (NaCl) and ammonium bicarbonate (NH4HCO3)
are employed currently for generating draw solutions. Both thermal process and
reverse osmosis are energy demanding for recovering water from the draw solutions.
To reduce the energy consumption, magnetic nanoparticles are developed recently as
a new type of solute for draw solution owing to their easy separation and reuse.
Instead, hydrophilic coating was also utilized to increase dissolution and osmotic
pressure. For example, forward osmosis generated a fluid flux greater than 10 L/
m2 h�1, when polyethylene glycol-coated magnetic nanoparticles were used as
coating and deionized water as feed solution. Recently, magnetic nanoparticles
(Fe3O4@SiO2) were also used for recovering Al2 (SO4)3 by flocculation.

5.6.5 Biological Membranes

These membranes are protein based and also known as “aquaporin-based mem-
branes.”Aquaporin is universally present in living cells and forms selective channels
under certain conditions, which block undesired ionic molecules. High selectivity
and water permeability make them promising candidates for water treatment appli-
cations. A major disadvantage of these materials is that they are too weak and cannot
stand alone; therefore, they are always used as vesicles and supported on polymeric
membrane for practical applications. The first commercial biologically inspired
membrane is “Aquaporin Inside™” marketed by Aquaporin A/S, Copenhagen,
Denmark. This membrane meets all the requirements for brackish water desalination
and can withstand pressures up to 10 bar and allow a water flux more than 100 L/
hm2.

Aligned carbon nanotubes also possess smooth nano-sized channels and have
been shown theoretically to provide faster water permeation. It was also predicted
that the membrane containing only 0.03% of aligned carbon nanotubes can provide a
flux greater than the available commercial membranes used for seawater desalination
(Pendergast and Hoek 2011). However, due to uneven pore diameter in aligned
carbon nanotubes, salt and small-sized molecules’ high rejection is still a challenge.
It was proposed that grafting functional groups at nanotube gating can improve the
selectivity of aligned carbon nanotube membrane (Yang et al. 2013). For example,
grafting carboxyl groups on carbon nanotube openings, 98% rejection of Fe(CN6)

�3

was achieved at low ionic strength; however, KCl rejection was decreased by
increasing ionic strength. Grafting of bulky groups at nanotube openings can
physically eliminate salts, but membrane permeability will be significantly
decreased due to stearic hindrance. Currently, aligned carbon nanotube membranes
are not applicable for water desalination; however, for effective desalination, the
carbon nanotube diameter should be uniformly less than 0.8 nm. Membrane fabri-
cation and large-scale production of carbon nanotubes are the key challenges in the
commercial implementation of both aligned carbon nanotubes and aquaporin-based
membranes, especially scale-up production, and purification of aquaporin is a
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challenge. Chemical vapor deposition technique is most commonly used for pro-
duction of aligned carbon nanotubes, which paved a way for their commercial
application. Various nanomaterials-based technologies for current water desalination
applications are summarized in Table 5.2.

5.7 Nanoparticles as Photocatalysts

Nanoparticles have large surface area, small size, and excellent optical and electronic
properties. These characteristics make these nanostructured particles promising
materials to act as water remediation catalysts. Photocatalysis is an advance oxida-
tion process for the elimination of low-level pollutants and microorganism. This
process is usually used for the treatment of hazardous nonbiodegradable contami-
nants. Slow kinetics due to limited light availability is the main disadvantage of this
process, and nowadays research is mainly focused on how to overcome these
difficulties.

5.7.1 Nanophotocatalyst Optimization

Titania is chemically stable, less toxic, low cost, and abundant and is widely reported
as photocatalyst for water and wastewater remediation. During the last decade,
titania has emerged as a semiconductor photocatalyst, which acts as oxidative-
reductive media for organic and inorganic contaminants. When exposed to UV
light, the electrons are excited to the conduction band, and as a result electron/hole
pairs (e� +/h+) are generated. These electron/hole pairs start complex chain
oxidation-reduction reactions and as a result lead to the formation of reactive oxygen
species at the surface or undergo unwanted recombination. Mechanistically, the
possible traps for these electron holes are water and hydroxyl ions, which result in
the formation of hydroxyl (OH•) radicals. These hydroxyl radicals are strong
oxidizing agents. The electron trap adsorbs oxygen, and an unstable superoxide
(O•2) species is produced. These oxygen-rich reactive species (OH•, O2•) react with
the adsorbed molecules on the photocatalytic surface and carbon dioxide, and water
is produced after complex oxidation and hydroxylation reactions (Dasgupta et al.
2017). Electron/hole pair production can be reduced by optimizing shape/size of
titania, noble metal doping, and surface treatment, and the photocatalytic efficiency
can be improved by enhancing surface adsorption. The size of titania is the key
parameter and controls solid-phase transformation, adsorption, and electron/hole
(e�/h+) dynamics. Rutile, the crystalline form of titania, is stable for particle size
larger than 35 nm, while anatase is stable for particle size less than 11 nm and is
efficient for reactive oxygenated species production. The slow kinetics of titania
photocatalyst is because of the recombination of electron (e�) and its hole (h+), and
by decreasing the particle size, the recombination can be decreased and catalytic
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efficiency can be improved. However, by further decreasing the particle size to
several nanometers, the photocatalytic efficiency decreases due to increase in surface
recombination. In comparison to titania, titania nanotubes are more efficient
photocatalysts for the decomposition of organic compounds. The higher
photocatalytic efficiency of titania nanotubes is attributed to their fast mass transfer
kinetics and shorter carrier diffusion path in the walls of nanotubes. The ultraviolet
light comprises only 5% of the electromagnetic spectrum which is therefore a key
drawback in the commercial-scale application of titania nanophotocatalyst.
Photocatalytic activation of titania is usually achieved by ultraviolet lamp, but
sunlight can also be used for this purpose in addition to artificial source. For

Table 5.2 Nanotechnology applications for wastewater treatment

Nanofiltration-
based
technology Properties Current applications Advantages

Dendrimer-
enhanced
filtration

The polyamidoamine
and polypropylene
imine are easier to filter
due to their spherical
structure and larger size

Removal of wastewater
cations, anions, and
organic compounds and
the inactivation of bac-
teria and virus. Used as a
stabilizer

Metal nanoparticles and
long-chain aliphatic can
be activated on
dendrimer surfaces
without affecting the
binding properties of
organic species

Carbon nano-
tube
membranes

Man-sized rolled-up
graphene sheets with
cylindrical structure,
high surface areas, per-
meability, and excellent
mechanical and thermal
stabilities

They have the ability to
remove a wide range of
water contaminants such
as bacteria, viruses, and
other organic pollutants

Due to their smooth
interior, carbon
nanotubes can perform
faster than other mem-
branes. Cost-effective,
durable, and can be
reused

Nanoscale tita-
nia
photocatalysts

Nanoscale titania can
function both as a
photocatalyst and as an
adsorbent

Nanoscale titania can
break down nearly all
organic pollutants and
absorb biological con-
taminants and heavy
metals

Nanoscale titania has
large surface area and
faster photocatalytic
abilities than larger
titania particles

Zeolites Zeolites are porous
crystalline adsorptive
materials made from
silicon-aluminum solu-
tions like fly ash

Generally used for the
treatment of heavy
metals like lead and
mercury and bacteria
and as ion exchange
media in column
filtration

Zeolite-Ag compounds
have been found effec-
tive against bacteria and
molds. They are pro-
duced cheaply because
of abundant and natu-
rally available sources

Functionalized
silica as nano-
adsorbent

Functionalized silicas
are tailored glass or
ceramic materials with
attached organic moie-
ties. They are micropo-
rous and selective for
contaminants

Removal of metals from
water, ion exchange, and
catalysis

They have faster
adsorption kinetics,
higher adsorption
capacity, and superior
selectivity
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example, KRONO Clean 7000 (Kronos Inc., Cranbury, NJ, USA) is a photocatalyst,
where the bandgap is relatively of lower energy and it can make use of the broader
portion of the electromagnetic spectrum. In addition to titania, tungsten dioxide,
some derivatives of fullerene, and poly(N-vinylpyrrolidone)-encapsulated C60 have
a better photocatalytic activity under visible light irradiations. However, these
materials produce 1O2 which has lower oxidation potential, and their prices are
relatively high. Various approaches to enhance the photocatalytic efficiency of
titania include creation of efficient titania nanotubes, noble metal doping, and
lowering e�/h + recombinations. A schematic representation of metal oxide-based
catalysis is given in Fig. 5.5 (Mondal 2017).

Titania-based nanophotocatalysts have been effectively used for the removal of
organic and inorganic contaminants from water. These photocatalysts can degrade
chlorinated benzenes and alkanes, furans, and polychlorinated biphenyls and can
also reduce toxic heavy metal ions such as chromium and silver platinum under the
action of UV light. Apart from this, light-activated titania nanoparticles have gained
significant attention, and some researchers have reported (Safardoust-Hojaghan and
Salavati-Niasari 2017) photochemical degradation of methylene blue under the

Fig. 5.5 Illustration of the metal oxide nanofiber-mediated photocatalysis. (Adapted from Mondal
2017)
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action of visible light and photocatalytic degradation of dichloroacetic acid and
carbon tetrachloride in aqueous solution by titania nanocomposites (Ribao et al.
2017). Advance oxidation process of water treatment technology is already in the
market, for example, Purific Water (Holiday, Florida, USA) is a water purification
system which makes use of the combined processes of photocatalysis and ceramic
membrane filtration. This assembly has a capacity of more than four million cubic
meter per day and can also degrade organic compounds.

5.8 Nanotechnology for Water Treatment: Pitfalls

Nanotechnology is the greatest scientific venture of the twenty-first century, which
revolutionized many fields of science and technology such as consumer goods,
manufacturing methods, and material engineering particularly in addition to water
and wastewater treatment. The overwhelming benefits of nanotechnology dominated
the scientific mass media coverage, and the adverse effects of using nanotechnology
remained masked. Only recently, the environmental safety concerns about nano-
technology have been discussed in media. Potential risks may arise from the nature
of the nanoparticles themselves. The high specific surface area, crystalline structure,
and reactivity which are the key benefits of nanoparticles may facilitate the transport
of man-sized materials in the environment and their reactivity with the cellular
materials and may cause biological harms. We already know that computer chips
contain toxic gallium arsenide, and millions of cellular phones and computers are
disposed every year. What is the environmental fate of these materials? The nano-
technology may not be totally environment friendly. The environmental scientists
and other regulation authorities should asses the harmful effects of nanotechnology,
and we must answer a few questions raised about nanotechnology urgently. For
example, nanoparticles can self-assemble in an assembly. Can they replicate in the
environment? What are the health impacts and the fate of these nanoparticles in the
environment? Can these nanoparticles be recovered for reuse or will these
nanoparticles decompose into environment-friendly end products? It is therefore
imperative to assess the usefulness and outcome of the current water treatment
technologies in terms of pollution and other harmful effects.

Currently, no standard method exists which could readily monitor and detect
nanoscale materials in the environment. The existing analytical technique for quan-
tifying nanomaterials is time consuming and demands costly instruments and exper-
tise. Lack of regulatory requirement, critical data, and information about the
occurrence and fate of these materials makes this task further complicated. The
researchers are required to develop water treatment technologies keeping in mind the
possible environmental impact of these materials by using environment-friendly
precursors, synthesis, and designs. The bioavailability and ecotoxicity of these
nanoscale materials are currently unknown. Nanotechnology is an interdisciplinary
science and can pose further challenges for environmental specialists and engineers.
We must be aware of the possible amplifications of these materials that they can
enter the food chain and can be transported by water.
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5.9 Conclusions

Recent interests in the application of nanotechnology for water purification are
driven by its high efficiency, low cost, selective removal of the contaminants, and
durability. The researchers believe that the future nanotechnology will benefit from
the properties of nanomaterials. Nanotechnology cannot only reduce the overall
costs of the water treatment but also the time of cleanup operations and the
concentration of some of the contaminants to near-zero level. Some of the
nanotechnology-based water purification devices are already in the market, while
some others are in the research stage. In the future, advancements in nanotechnology
are likely to fulfill the current requirements of water treatment through the use of
improved nanomaterials in membrane filters, adsorption, ion exchange, resins, and
other sorption technologies to meet the challenges of water remediation and disin-
fection. The need and importance of clean water continue to increase as the envi-
ronmental regulation standards are becoming more and more stringent. The
increased range of pollutants in water demand specialized treatment and nanotech-
nology in this regard can fill the gap where the use of conventional water treatment
technologies is either ineffective or not feasible. For the developing countries, there
is a distinct opportunity to adopt novel water treatment technologies. Megacities
currently lacking extensive water purification infrastructures can adopt on-spot water
purification facilities through use of nanotechnologies with relatively low initial
costs and avoiding complex water purification operations. Although the emerging
nanotechnology for water purification is rapidly replacing the traditional technolo-
gies, there are still challenges in their commercialization and practical
implementations. The advancement in materials science for the synthesis of cost-
effective nanomaterials will decide the progress and fate of nanotechnology appli-
cation for wastewater treatment. Toxicity issues regarding the use of nanomaterials
in the purification processes are to be addressed. These materials during their
preparation and application can release and accumulate in the environment and
food chain for a longer period of time. Carbon nanotubes, silver, and titania
nanoparticles are most suitable for nanotech applications, but they are also toxic
for living cells. To be acceptable to regulatory authorities and general public, safe
use of these nanomaterials is to be ensured. Nanotech-based water purification is
seldom suitable for large-scale operations and in many cases is not competitive with
traditional water treatment technologies. In the future, nanotech water treatment
promises great potential in centralized and on-spot water purification devices.
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Abstract Nowadays due to the industrial growth, excessive utilization of agricul-
tural fertilizers, and various ecological changes, the content of nitrate increases in
our environmental water. The World Health Organization recommends the permis-
sible nitrate concentration of 10 mg L�1 for human consumption. Nitrate concen-
trations above 10 mg L�1 limit can cause major health problems such as blue baby
syndrome and formation of carcinogenic nitrosamines in humans. Therefore, the
removal of nitrate from contaminated water using various technologies is the topic of
many research studies. In this context, denitrification technologies based on organic
and inorganic nanomaterials with high efficiency have gained considerable attention.
These technologies can be categorized to the degradation and separation processes
with varying degrees of efficiency, cost, and ease of operation. An overview of these
processes in terms of their performances and issues is reviewed in this chapter.
Moreover, the effect of different operational parameters including initial nitrate
concentration, nanomaterial loading, nanomaterial durability, solution pH, temper-
ature, and dissolved oxygen on the removal percentage of nitrate is discussed.
Finally, advantages and disadvantages of these processes are highlighted to give
the readers a complete, comprehensive, and balanced view of the latest technologies
for the treatment of nitrate-contaminated waters.

Keywords Nanomaterial · Denitrification process · Water treatment · Nitrate
contamination · Nano zero-valent iron · Photocatalytic denitrification · Biological
denitrification · Adsorption technology · Membrane technology · Capacitive
deionization

6.1 Introduction

Water covers about 70% of the earth but only about 2.8% of this water is fresh.
Sources of water on our planet are (I) ground sources such as groundwater, springs,
hypothetic zones, and aquifers; (II) precipitation, which includes rain, hail, snow,
and fog; (III) surface water such as rivers, streams, and glaciers; (IV) biological
sources such as plants; and (V) desalinated seawater. Population growth is a factor
that has a direct impact on the amount of water being used around the world and also
the quality of this water. As the population increases along with the shift toward an
industrial lifestyle, the quality of this water is compromised because of the increase
in contaminated water production (Gündüz 2015). Contaminated water can cause
many types of diarrheal diseases including cholera and other serious illnesses such as
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guinea worm disease, typhoid, and dysentery. Thus, polluted water is not just dirty
but also deadly (Bhatnagar and Sillanpää 2011).

Nitrogen is an important element in nature that appears in soil and water in three
forms: (I) organic nitrogen, (II) inorganic ammonium (NH4

+), and (III) nitrogen
oxyanions such as nitrite (NO2

�) and nitrate (NO3
�). The nitrogen species are

naturally exchanged between organisms and the environment as shown in Fig. 6.1.
Eutrophication of waters as a result of biological growth and algal blooms in the
presence of nitrogen depletes oxygen in water bodies and causes the death of aquatic
animals and an irreversible change of the aquatic ecosystem. Moreover, a high
concentration of nitrogen oxyanions in our ecosystem has a highly negative impact
on human health. Therefore, controlling the nitrogen content in the aquatic environ-
ment (nitrogen cycle) is one of the main concerns of the twenty-first-century society
(Tugaoen et al. 2017).

Nitrate is an important part of the nitrogen cycle. It is a colorless, odorless, and
tasteless substance with high solubility in water (David et al. 2010). Nitrate contam-
ination of water may result from point sources such as sewage disposal systems and
livestock facilities as well as nonpoint sources such as fertilized cropland, parks,
lawns, and gardens, or naturally occurring sources of nitrogen. Nitrate is highly
leachable and readily moves with water through the soil profile. If there is excessive
rainfall or over-irrigation, nitrate will leach below the plant’s root zone and
eventually reach groundwater.

Fig. 6.1 Nitrogen cycle
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High concentration of nitrate in environmental water can cause overstimulation of
growth of aquatic plants and algae. Excessive growth of these organisms can clog
water intakes, use up dissolved oxygen, and block light to deeper waters. Therefore,
lake and reservoir eutrophication can occur, which produces unsightly scums of
algae on the water surface. Algae growth not only consumes all dissolved oxygen
which enters the water supply to anaerobic condition but also changes the color and
taste of water (Harris et al. 2016). High concentration of nitrate in drinking water is
harmful to young infants and leads to “blue baby syndrome.” Other illnesses related
to the high concentration of nitrate are thyroid, carcinogenic nitrosamine, diabetes,
and infectious diseases. The US Environmental Protection Agency has set the
maximum contaminant level of nitrate as nitrogen at 10 mg L�1 for the safety of
drinking water (Hord and Conley 2017). Therefore, removal of excessive quantities
of nitrate from drinking water is crucial for water quality and human health.

Removal of excessive nitrate from contaminated water is performed through
various technologies. These technologies can be grouped into degrading and sepa-
rating processes. The degradation-based processes including chemical reduction
using Fe0 as well as catalytic, photocatalytic, and biological denitrification can
reduce nitrate to harmless nitrogen gas. However, controlling the operational param-
eters in these processes is very crucial to prevent the formation of hazardous
compounds such as nitride or ammonium. In contrast, the separation-based pro-
cesses including adsorption, ion exchange, electrodialysis, nanofiltration, reverse
osmosis, and capacitive deionization help us to merely separate nitrate from con-
taminated water and transfer it to a waste stream. Nevertheless, it is not logical and
safe to dispose of a large quantity of the separated nitrate along with spent materials
into the environment. Therefore, it is necessary to combine the separation-based
processes with other technologies in order to completely treat and eliminate the
generated secondary wastes from our ecosystem. All these concerns, drawbacks, and
possible solutions that have been proposed to effectively and efficiently remove
nitrate from contaminated water using pioneer and novel nanomaterial-assisted
technologies are discussed in the following sections.

6.2 Chemical Denitrification Using Nano Zero-Valent Iron

In the past two decades, metal nanoparticles with unique properties have attracted
significant attention as a favorable reactant for removal of nitrate from water. In this
context, nano zero-valent iron (NZVI) has been extensively studied due to its low
cost, nontoxicity, and high activity (E0 ¼ �0.44 V) for chemical reduction of nitrate
ions. Moreover, the NZVI particles have some advantages compared to ZVI in
microscale for removal of nitrate, including (I) an increase in the rate of degradation
reaction, (II) a decrease in the required amount of NZVI, (III) the possibility of
controlling the release of toxic intermediates, and (IV) a decrease in the production
of toxic compounds (Fu et al. 2014).
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The NZVI can reduce nitrate contamination of water to nitrite, ammonium, and/or
nitrogen gas (6.1, 6.2, and 6.3), while the NZVI might be oxidized to Fe2+, Fe3+,
Fe2O3, or Fe3O4 depending on the reaction conditions. The conversion of Fe0 to the
oxidized forms is the main drawback of this system, and more research is being
conducted to find a solution for the regeneration of iron. Among the denitrification
reactions, the most desirable one is the complete reduction of nitrate to nitrogen gas
(6.3) instead of the generation of nitrite and ammonium by-products (6.1 and 6.2).

Fe0 þ NO�
3 þ 2 H2O ! NO�

2 þ Fe2þ þ 2 OH� ð6:1Þ
4 Fe0 þ NO�

3 þ 7 H2O ! NHþ
4 þ 4 Fe2þ þ 10 OH� ð6:2Þ

5 Fe0 þ 2 NO�
3 þ 6 H2O ! N2 þ 5 Fe2þ þ 12 OH� ð6:3Þ

There are some factors that affect the removal percentage of nitrate from water
using NZVI, including intrinsic characteristics of NZVI (e.g., morphology, size,
surface area, iron impurities, and oxide film formation), operational conditions (e.g.,
dissolved oxygen, iron dosage, solution pH, and temperature), and composition of
the solution (cationic, anionic, or neutral molecules), which are discussed below
(Sun et al. 2016b).

6.2.1 Intrinsic Characteristics of Nano Zero-Valent Iron

Iron intrinsic characteristics such as morphology, size, specific surface area, purity,
and corrosion are known to contribute to its performance (Sun et al. 2016b).
Therefore, the effect of these factors on the activity and nitrate removal efficiency
of NZVI must always be considered.

Morphology and Size

There are two well-known approaches to synthesize NZVI particles: bottom-up and
top-down. In the bottom-up method, individual atoms and molecules are gathered to
form NZVI particles. In contrast, in the top-down method, granular or microscale
iron particles are mechanically or chemically crushed into NZVI particles. These
synthesis methods can be generally classified to the chemical and physical method,
which lead to variation in average particle size, morphology, activity, and stability of
the NZVI (Hwang et al. 2011). Among these methods, borohydride reduction of
ferrous salts is a very popular chemical synthesis method because of its low cost,
simplicity, feasibility, and production of highly reactive particles (Jamei et al. 2013).

Synthesis of NZVI by the borohydride reduction of ferrous salts consists of four
main steps – (I) nucleation, (II) growth, (III) aggregation, and (IV) aging – which are
affected by the reductant delivery rate, iron precursor, and reductant concentration
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(Hwang et al. 2011). Therefore, various NZVI particles with different properties and
activities can be synthesized by changing these synthesis parameters. For example,
different morphologies and sizes were observed in the synthesis of NZVI particles
when the delivery rate of the reductant changed from 2 to 20 ml min�1. As can be
seen from Fig. 6.2, the morphology of the synthesized NZVI can be spherical (a),
non-spherical and scattered (d), or in between (b and c) depending on the delivery
rate of reductant (Hwang et al. 2011)

Hwang et al. reported that the nitrate removal efficiency of the NZVI synthesized
under the low delivery rate of the reductant was about 35%, while the removal
efficiency of the particles improved to about 49% when the delivery rate of the
reductant increased to 20 ml min�1. Other experiments revealed that the increase in
the concentration of reductant and iron precursor leads to the decrease in the NZVI
particle size, and as a result, the removal performance of the NZVI improves.
Therefore, to maximize the efficiency of NZVI in the reduction of nitrate, the control
of synthesis conditions is very critical (Hwang et al. 2011).

Fig. 6.2 TEM images of the NZVI synthesized under reductant delivery rates of (a) 2, (b) 5, (c)
10, and (d) 20 ml min�1. (Reprinted with permission from Hwang et al. 2011)

170 N. S. Mirbagheri et al.



Specific Surface Area

As the chemical reduction reaction occurs at the surface of iron nanoparticles, the
surface area of these particles plays an important role in nitrate removal efficiency of
NZVI. The surface area can increase by enhancing the amount of iron or by reducing
the size of these particles. In general, the chemical denitrification process is expected to
improve by enhancing the surface area of NZVI. Hwang et al. reported that the nitrate
removal efficiency of NZVI increased from about 35% to 49% when the specific
surface area of these particles increased from 8.4 to 45.4 m2 g�1 (Hwang et al. 2011).

Iron Source and Purity

As mentioned before, NZVI can be synthesized through different methods. How-
ever, the initial source of iron that is used for the synthesis of these particles can vary
in composition and influence the performance of NZVI. For example, synthesis of
NZVI through electrolysis method is typically purer than their production by
reduction of ore hematite at high temperature, because hematite ore may contain
substantial amounts of carbon, silicon, and transition metals that can remain with the
produced iron (Sun et al. 2016b). In this context, Liu et al. (2012) studied the nitrate
removal efficiency of NZVI prepared by hydrogen reduction of natural goethite and
hydrothermal goethite compared with that of the ordinary NZVI. Their results
showed that the activity and stability of the NZVI prepared by hydrogen reduction
of natural goethite and hydrothermal goethite were higher than the ordinary NZVI
because of the existence of Al substitution in goethite. Furthermore, they found that
the performances of the NZVI prepared by hydrogen reduction of natural goethite
and hydrothermal goethite in the denitrification process were almost pH independent
compared with that of the ordinary NZVI. These results demonstrated that the NZVI
samples synthesized from different origins have different performances toward the
removal of nitrate.

Oxide Layer Coated on Iron Surface

Based on the production time and storage condition, two types of the oxide film may
exist on the surface of NZVI. The first kind of film is formed in the production and
storage of NZVI in contact with air (Gheju 2011). The other kind of film forms when
NZVI is in contact with water or polluted water. Both of these oxide films can play
an important role in the performance of NZVI. The pre-existing oxide film is made of
an inner film of magnetite, where the electrons can freely move, and an outer film of
hematite. In the early stages of reaction when oxide films are formed, the layer of
hematite could make the electron and mass transfer difficult and thus reduce the
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performance of NZVI. Fortunately, partial decomposition (auto-reduction) of this
protective film in contact with water can occur that results in electron transfer from
NZVI to nitrate ions (Guan et al. 2015).

Formation of the oxide layer on the surface of NZVI in contact with water is well
known as iron corrosion. This type of oxide layer can be transferred into a complex
mixture of Fe3O4, Fe2O3, FeOOH, Fe(OH)2, or Fe(OH)3 with time and thus
decreases the reactivity of NZVI (Suzuki et al. 2012). In this context, Kim et al.
reported that the formation of iron oxides/hydroxides on the surface of NZVI in
aqueous solutions results in the desorption of nitrate from the NZVI and a decrease
in ammonium generation. Indeed, the presence of hydroxyl groups (FeOOH, Fe
(OH)2, or Fe(OH)3) makes the particles’ surface charge negative, and thus anion
(e.g., nitrate) repulsion occurs (Kim et al. 2013).

6.2.2 The Effect of Operational Conditions on the Nano
Zero-Valent Iron Performance

During the chemical reduction of nitrate using NZVI, many interfacial reactions such
as dissolution, adsorption, redox reactions, and precipitation may occur on the
surface of NZVI either at the same time or sequentially. Operational parameters
such as dissolved oxygen, iron dosage, solution pH, pretreatment of iron, and
temperature can influence the abovementioned processes and impact the nitrate
removal efficiency (Sun et al. 2016b). Therefore, understanding the impact of
these parameters is very crucial to provide the best operational condition for the
removal of nitrate.

Dissolved Oxygen

The NZVI is mostly used in aqueous systems where dissolved oxygen is present
(Shimizu et al. 2012). Dissolved oxygen has a high impact on iron corrosion and thus
on the activity of these particles (Sun et al. 2016b). Despite many studies that have
been conducted on the impact of dissolved oxygen on NZVI performance, there is no
overall conclusion (Tang et al. 2015). Some studies concluded that dissolved oxygen
improves the performance of NZVI by increasing iron corrosion (Im et al. 2011; Wang
et al. 2010; Yoon et al. 2011), while another study proved the contrary and showed that
dissolved oxygen increases the chances of formation of an oxide layer as a surface
passivation layer (Yin et al. 2012). As a general concept, it can be concluded that the
effect of dissolved oxygen is dependent on the type of removal process (Sun et al.
2016b). In the case of nitrate reduction, a competition between nitrate ions and
dissolved oxygen for capturing of electrons must be considered (Zeng et al. 2017).
As investigated previously, nitrate reduction by NZVI in the presence of dissolved
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oxygen is not efficient due to instability and weak performance of Fe0 in this condition
(Zhang et al. 2011). Therefore, the denitrification process using NZVI was suggested
to be studied in deoxygenated media. However, Kalil et al. reported that the addition of
CuCl2 to nitrate-contaminated water can compensate the negative effect of dissolved
oxygen on the performance of NZVI (Khalil et al. 2016).

Iron Dosage

As can be expected, with an increase in iron dosage, the active sites and reactive
surface area of NZVI enhance, and thus the performance of these particles improves
(Sun et al. 2016b). This positive effect of increasing iron dosage was widely
investigated by many research groups (Hwang et al. 2011; Liu et al. 2014d; Hosseini
et al. 2011; Bekhradinassab and Sabbaghi 2014). Generally, increasing the dosage of
iron enhances the removal of nitrate to an optimum point, but any further increase in
iron dosage may not have a positive impact on nitrate removal. For example, it was
reported that the nitrate removal percentage of NZVI increased up to 90% when iron
to nitrate ratio was about 40:1. Further increase in the concentration of iron did not
change the removal percentage of nitrate, and the concentration of nitrate reached the
steady state (Liu et al. 2012).

Solution pH

Solution pH has a significant influence on the efficiency of NZVI since the rate of iron
corrosion is affected by the solution pH (Bae and Hanna 2015; O’Carroll et al. 2013).
As can be seen from Fig. 6.3, Fe0 is completely stable at pe more than �9 over the
entire range of pH 0–14. However, at pe less than �9 and acidic media, it will react
with water to form Fe(II), which can be oxidized to Fe(III) in the presence of oxygen.
In contrast, at high pH values, Fe(II) can be hydrolyzed to Fe(OH)2, Fe(OH)3, or Fe
(OH)4

�, which act as barriers (Sun et al. 2016b). Therefore, at low pH, due to the
dissolution of an oxide layer on the surface of iron as well as iron corrosion, a good
performance is expected for NZVI (Dong et al. 2010). It should be mentioned that the
lowering of pH to very acidic conditions, below pH 4, can cause massive iron
dissolution and/or hydrogen bubbling at NZVI interface that reduces the activity of
these particles. At high pH, on the other hand, the performance of NZVI reduces due to
the mineral precipitation and difficulty in mass transfer. In addition, at high pH, above
8, iron oxide can precipitate on the surface of NZVI and reduce its activity
(Bekhradinassab and Sabbaghi 2014). In conclusion, as the best nitrate removal is
achieved in acidic media (according to 1–3), the optimum solution pH for the efficient
denitrification process by NZVI can be considered in the range of 4–7 (Babaei et al.
2015; Bekhradinassab and Sabbaghi 2014).
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Pretreatment of Iron

In order to remove the passivated layer on the surface of NZVI and enhance the
performance of these particles, iron pretreatment is necessary before these particles
are being used. The common methods employed for activation of NZVI are acid
washing, pretreatment with hydrogen gas, and ultrasound pretreatment (Guan et al.
2015; Sun et al. 2016b).

In the acid washing method, acids such as HCl can be used for the removal of the
oxide layer. This treatment results in cleaning the surface of the iron, increasing the
iron surface area, enhancement of the active sites, and adsorption of H+ on the
surface of the iron. However, in some cases, rapid iron corrosion might lead to
precipitation of minerals on the NZVI surface that can reduce the performance of
these particles in the long term (Khalil et al. 2017b). Pretreatment with hydrogen gas
was also reported to increase the performance of NZVI in the removal of nitrate.

Fig. 6.3 pe-pH diagram for the Fe-H2O system at 25 �C. The double-dotted dashed line indicates
the interference of Fe (aq.) with air (O2). (Reprinted with permission from Sun et al. 2016b)
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As reported by Liou et al., this treatment increases the concentration of active sites
on the iron surface, and thus the removal of nitrate from contaminated water
improves (Liou et al. 2005). Ultrasound pretreatment could clean the surface of
iron from the precipitates and corrosion products and increase the percentage of
active sites by pitting and cracking of the NZVI surface (Geiger et al. 2002). All
abovementioned treatments can significantly improve the performance of NZVI in
the denitrification process.

Temperature

Temperature enhancement has a positive impact on the denitrification process by
NZVI. At high temperatures, the mass transport is accelerated and the adsorption
process is more desirable. On the other hand, elevated temperature reduces the
activation energy barrier of a redox reaction which indirectly improves the perfor-
mance of NZVI (Peng et al. 2015).

6.2.3 The Effect of Solution Composition on the Nano
Zero-Valent Iron Performance

Besides the NZVI intrinsic properties and operational conditions, the composition of
the solution affects the performance of NZVI and removal percentage of nitrate from
contaminated water. Therefore, in the following section, the effect of coexisting
species will be discussed.

Coexisting of Different Species

A wide range of species might coexist with nitrate in contaminated water. These
solutes are anions such as Cl�, SO4

2�, CO3
�, and ClO4

�; cations such as Fe2+, Co2+,
Ni2+, Ca2+, and Mg2+; and natural organic compounds. As previously investigated,
these types of contaminants, their exposure time, and concentration can influence the
performance of NZVI in the denitrification process. These impacts could be positive
either by facilitating the removal of the passive oxide layer or by forming new
reactive phases at the surface of NZVI. In contrast, their negative impacts can arise
when these species compete with nitrate ions to reduce or accumulate at the surface
of NZVI (Sun et al. 2016b). For example, Su et al. studied the removal percentage of
nitrate by NZVI from an aqueous solution containing Cd2+. They showed that the
presence of Cd2+ in the solution results in the formation of Cd islands (Cd0 and CdO)
on the surface of NZVI, which can enhance electron flow from NZVI to nitrate.
Therefore, the performance of NZVI in the removal of nitrate and Cd2+ is enhanced
(Su et al. 2014).
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The effect of cationic (Fe2+, Fe3+, and Cu2+) and anionic ions (citrate, oxalate,
acetate, SO4

2�, PO4
3�, Cl�, and HCO3

�) on the performance of Fe0 in the reduction
of nitrate was also evaluated by Tang et al. (2012). Based on their results, cationic
ions lead to the direct or indirect formation of Fe2+ ions that have a great potential for
nitrate reduction and thus significantly improve the removal of nitrate. The anionic
ions also enhanced nitrate reduction in the order of citrate > ace-
tate > SO4

2� > Cl� � HCO3
� � oxalate� PO4

3�. Therefore, the chemical denitri-
fication in a real sample such as contaminated water containing these ions is not
problematic.

6.2.4 Improving the Selectivity of Nano Zero-Valent Iron
Toward Nitrogen Gas

As mentioned before, chemical reduction of nitrate by NZVI leads to the formation
of nitrite, ammonium, and/or nitrogen gas. The produced ammonium as a hazardous
compound that easily dissolves in water can cause irritation and burns in humans.
Therefore, many efforts are being conducted to improve the properties and reactivity
of NZVI in the denitrification process toward the production of nitrogen gas. Some
of these efforts were devoted to make a composite of NZVI with various compounds,
for example, composite of NZVI with metals (e.g., Cu, Pd, Pt, Ag, and Ni) as a
monometallic or bimetallic/NZVI composite (Li et al. 2017; Hosseini et al. 2011;
Hamid et al. 2015), semiconductors (will be discussed in the next section), as well as
immobilization of NZVI onto clay (Zhang et al. 2011), zeolite (Zeng et al. 2017),
carbon-based materials (Babaei et al. 2015; Khalil et al. 2017a), resin (Shi et al.
2013), and silica (Bekhradinassab and Sabbaghi 2014). In another approach, the use
of biomolecules in combination with NZVI was reported to treat the generated
ammonium and convert it into nitrogen gas (Peng et al. 2015). These approaches
are discussed in the following sections.

6.3 Bimetallic Nanoparticles for Catalytic Denitrification

Catalytic denitrification over a solid catalyst is considered as an extension of the
chemical denitrification process. Although several catalyst types including mono-
metallic and bimetallic catalysts have been extensively investigated, the most com-
mon catalytic system for the denitrification process is bimetallic catalysts. The
bimetallic catalysts consist of a precious metal (Pt or Pd) and a promoter (Cu, Ni,
Fe, Sn, In, Ag), which may be a transition metal or a metal oxide (Barrabés and Sá
2011). The function of the promoter is to reduce nitrate to nitrite by a redox process
to start the catalytic process, while the noble metal plays an important role in
maintaining the transition metal in the metallic state and reducing nitrite by activated
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hydrogen (Sun et al. 2012). Among all the bimetallic catalysts, supported palladium
catalysts with copper or tin as a promoter exhibited the highest activity for the
catalytic denitrification (Matatov-Meytal and Sheintuch 2005). However, the use of
palladium for the catalytic denitrification process has a major environmental impact
(Chiueh et al. 2011).

The mechanism of bimetallic catalytic denitrification is first described by Tacke
and Vorlop, and it has remained unchanged since then (Tacke and Vorlop 1993).
Based on this mechanism (Fig. 6.4), nitrate is reduced to nitrogen in several steps
involving the formation of nitrite, nitric oxide (NO), and nitrous oxide (N2O) as
intermediate products. The first reaction step, the reduction of nitrate to nitrite,
occurs on palladium only in the presence of a promoter, whereas no such promoter
is necessary for the subsequent reduction of nitrite to nitrogen and ammonium
(Barrabés and Sá 2011). In this process, hydrogen gas is added into the reaction
medium by a gas flowmeter not only as a reductant but also to maintain the activity
of the catalyst (Hamid et al. 2015)

The main concern in catalytic denitrification is the control of activity and selec-
tivity of the catalyst to prevent both incomplete hydrogenation to nitrite and hydro-
genation to ammonium. To enhance the catalytic activity and selectivity of the
bimetallic systems, extensive studies have been focused on the determination of
proper support materials, which significantly affect the catalytic properties. γ-Al2O3

is the most used support due to its unique surface properties, phase composition, and
local microstructures. Other supports including organic or inorganic membrane,
active-based materials, zeolites, resins, and polymers have also been used for this
purpose (Sun et al. 2010)

The efficiency of the catalytic denitrification process is also affected by the
hydrogen flow rate, solution pH, catalyst loading, dissolved oxygen, medium tem-
perature, and catalyst longevity, which vary based on the type of catalytic system. As
reported by Liu et al., the increase of the Fe0/Pd/Cu dosage enhanced the rate of
nitrate removal as a result of more contact chance between nitrate ions and the
composite (Liu et al. 2014a). Moreover, the use of optimum dosage of the composite
effectively removed nitrate and reduced the ammonium formation. The nitrate
removal efficiency evaluated at pH range from 3.5 to 9 revealed that the increase
in pH value resulted in a decrease in nitrate removal rate, as discussed in section

M Cu, Sn,In

NO3
- (aq) NO3

- (ads) NO2
- (ads)

N2 (g)

NO2
- (aq) NH4

+ (aq)

NH4
+ (ads)NO (ads) 

Pd-M Pd
Pd

Pd isolated

Fig. 6.4 Mechanism of the catalytic denitrification using bimetallic catalysts. M is a metal and acts
as a promoter. (Reprinted with permission from Barrabés and Sá 2011)
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“Solution pH”. They also showed that the removal rate of nitrate improved with the
increase of the reaction temperature and at the lower content of dissolved oxygen, as
discussed in section “Dissolved oxygen”. In another work, Jung et al. reported that
the selectivity of the maghemite/Cu/Pd catalyst toward nitrogen gas was slightly
higher at lower hydrogen flow because the high content of hydrogen molecules at the
surface of Pd sites promotes the formation of ammonium (Jung et al. 2012). Hamid
et al. also investigated the effect of different operational parameters on the perfor-
mance of the Cu-Pd/NZVI catalyst. The obtained results demonstrated that with the
increase of the Cu and Pd loading, respectively, to 1.5% and 0.5%, the nitrogen
selectivity increased. They also reported that the catalytic activity of the Cu-Pd/
NZVI is strongly influenced by leaching and aggregation of bimetals as well as the
oxidation of NZVI (Hamid et al. 2015).

6.4 Photocatalytic Denitrification by Nanomaterials

The photocatalytic reduction is a transformative technology which can be used at the
nanoscale for reducing nitrate to harmless nitrogen gas. The photocatalytic behavior
of materials was stated for the first time by Fujishima and Honda in 1972 (Fujishima
and Honda 1972). After that report, many researchers devoted their time to study
photooxidation processes by different photocatalysts (Tugaoen et al. 2017).
Photocatalysts have the ability to enable redox reactions by creating photogenerated
electrons and holes (Doudrick et al. 2013). In the photocatalytic process, the
photocatalyst adsorbs photons with energy equal to or higher than its band gap
energy (Tugaoen et al. 2017). Consequently, the electrons from the valence band of a
semiconductor are excited to the empty conduction band (e�cb). After this electron
excitation, a vacancy with positive charges (hþvb) is generated (Fig. 6.5a). The

Fig. 6.5 (a) Schematic of charge carrier (e�cb=h
þ
vb) separation and a redox reaction as a result of

photocatalytic excitation. (b) Connection between band structure of semiconductors, their redox
potentials, and nitrate reduction potential vs standard hydrogen electrode. (Reprinted with permis-
sion from Tugaoen et al. 2017)
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photogenerated charge carriers must then transfer from the bulk to the surface of the
photocatalyst, where they involve in redox reactions (Cai and Feng 2016). However,
the lifetime of these charges is very short, and they can be quickly and easily
recombined (6.4). This recombination is the main drawback of photocatalysis and
has a negative impact on the efficiency of the photocatalyst in the denitrification
process.

e�cb þ hþvb ! semiconductor þ heat ð6:4Þ

Besides the lifetime of the photogenerated charges, the energy of valence and
conduction band of the photocatalyst must be adequately matched with the required
energy for the denitrification process. This means that the conduction band is
required to have a more negative potential than the reducing species (e.g., nitrate)
and the valence band is required to have a more positive potential than the oxidizing
species (Fig. 6.5b) (Tugaoen et al. 2017).

The overall photocatalytic denitrification reactions of nitrate to nitrite, ammo-
nium, and nitrogen at the surface of a photocatalyst are presented below (6.5, 6.6,
and 6.7). However, to understand the mechanistic steps involved in this
photocatalytic process and to enhance selectivity toward nitrogen production,
more considerations are required (Tugaoen et al. 2017).

NO�
3 þ 2 Hþ þ 2 e�cb ! NO�

2 þ H2O ð6:5Þ
NO�

3 þ 10 Hþ þ 8 e�cb ! NHþ
4 þ 3 H2O ð6:6Þ

2 NO�
3 þ 12 Hþ þ 10 e�cb ! N2 þ 6 H2O ð6:7Þ

Since the majority of reported works have used TiO2 for the photocatalytic
denitrification process, the main focus of the following discussion will be the
TiO2-based photocatalysts in nanometer scale (Tugaoen et al. 2017).

In the earlier studies of the denitrification process using a pure TiO2

photocatalyst, no conversion of nitrate was reported (Ranjit and Viswanathan
1997). The inactivity of the pure TiO2 was related to the fast recombination of
photogenerated electrons and holes in this photocatalyst as a result of its wide band
gap (Tugaoen et al. 2017). Under this condition, the photogenerated charges rarely
participate in the reduction of nitrate, and thus the efficiency of the process reduces.
Various strategies have been developed to overcome the drawback and also to
improve the selectivity of the TiO2 photocatalyst toward nitrogen production,
which are presented in the following sections.
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6.4.1 Addition of Hole Scavengers

As mentioned before, it is essential to minimize the recombination of the
photogenerated charges in order to improve the photocatalytic performance of
pure TiO2 in the reduction of nitrate ions (Tugaoen et al. 2017). A possible solution
to overcome this problem is the addition of a hole scavenger or sacrificial electron
donor to the reaction medium. The most common hole scavengers are organic
compounds such as methanol, oxalic acid, and formic acid (Tugaoen et al. 2017).
Among them, formic acid has the most desirable performance because of its favor-
able interaction with the holes and generation of CO2

•� (6.8), which acts as a
reducing mediator (Fig. 6.6a). In addition, formic acid with pKa ¼ 3.75 can release
H+, which is one of the key factors for selective reduction of nitrate to nitrogen gas
(Luiz et al. 2012; Kobwittaya and Sirivithayapakorn 2014; Lozovskii et al. 2009;
Ren et al. 2015; Sun et al. 2016a).

Fig. 6.6 Chemical denitrification process on the (a) pure TiO2, (b) doped TiO2, (c) metallic/TiO2

composite, and (d) bimetallic/TiO2 composite. (Reprinted with permission from Tugaoen et al.
2017)
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HCOO� þ hþvb ! Hþ þ CO ∙�
2 ð6:8Þ

Therefore, the overall photocatalytic reduction of nitrate in the presence of formic
acid can be expressed as follows:

4 NO�
3 þ 2 HCOOHþ 2 Hþ ! NHþ

4 þ 4 CO2 þ 3 HO2 ð6:9Þ
NO�

3 þ HCOOH ! NO�
2 þ CO2 þ HO2 ð6:10Þ

2 NO�
3 þ 5 HCOOHþ 2 Hþ ! N2 þ 5 CO2 þ 6 HO2 ð6:11Þ

Based on the reaction mentioned above (6.9, 6.10, and 6.11), the theoretically
stoichiometric ratio of formic acid to nitrate as 2.5 is essential for complete nitrate
reduction to nitrogen gas. However, in practice, this value depends on the type of
photocatalyst and its available sites. For example, complete conversion of nitrate to
ammonium and nitrogen gas was achieved in a solution containing 100 ppm of
nitrate and 0.04 M formic acid using 0.5 g L�1 of the carbon-modified TiO2

nanoparticles (Lozovskii et al. 2009).

6.4.2 Doped Photocatalysts

Aside from the addition of hole scavengers, modification of the semiconductor band
gap through its doping with different elements has also been reported as another
strategy to improve the photocatalytic properties of a pure semiconductor in the
denitrification process. In the case of TiO2, metal dopants are mostly replaced with
titanium atoms via substitutional doping, while nonmetal dopants can either replace
oxygen atoms or be inserted into the TiO2 lattice via interstitial doping (Akple et al.
2015). As a result of this modification, higher selectivity toward nitrogen (Girish
Kumar and Koteswara Rao 2015) and improved conversion efficiency compared to
the pure TiO2 were obtained (Dozzi and Selli 2013). Figure 6.6b shows that doping
TiO2 leads to the generation of an intraband level within the doped TiO2 that requires
less irradiation energy (Ansari et al. 2016). Therefore, this strategy also makes the
process more economical and environmentally friendly (Dozzi and Selli 2013;
Shinde et al. 2011).

6.4.3 Composite Photocatalysts

Another strategy to improve the efficacy of the pure TiO2 in the photocatalytic
denitrification process is to make a composite of the photocatalyst with other
materials. This composite can be made by combining a metal or two metals (mostly
noble metals) with the photocatalysts, which are known as monometallic and
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bimetallic composite, respectively. Based on the synergistic effects, when multiple
materials produce a composite, the combined materials altogether show different or
rather better properties than each of the individual materials (Tugaoen et al. 2017).
Due to the lower work function of noble metals, and higher electron affinity, than the
TiO2 photocatalyst, the noble metals act as an electron sink. Therefore, the
photogenerated electrons within the photocatalyst are transferred to the metal surface
where they are used as a reducing agent for the denitrification process. Indeed, this
strategy significantly extends the lifetime of e�cb and reduces the recombination rate
of the photogenerated charges within the TiO2 semiconductor (Fig. 6.6c, d) (Tung
2014; Kochuveedu et al. 2013).

Monometallic composites are the most prevalent types of denitrification
photocatalysts and show different behaviors and performances based on their
metal type. The most common metals that have been used for this purpose are
fourth-period transition metals (e.g., iron, cobalt, nickel, copper), platinoids (e.g.,
platinum, palladium, ruthenium), and noble metals (e.g., gold and silver) (Tugaoen
et al. 2017). Among them, a composite made of NZVI and TiO2 has been widely
studied. As mentioned in Sect. 6.2.4, the NZVI/TiO2 composite showed a higher
selectivity toward nitrogen gas than NZVI and pure TiO2. Although the mechanism
of denitrification by the NZVI/TiO2 composite follows the conventional chemical
reduction pathways, the interface with TiO2 synergistically affects the process in two
ways. First, higher amounts of adsorbed N-intermediates on the surface of TiO2 than
the coverage of reductant species leads to the evolution of nitrogen gases. Second,
the photogenerated electrons in the TiO2 are not only involved in the denitrification
process but also contribute in the recovery of the oxidized iron species to NZVI (Liu
et al. 2014c; Pan et al. 2012). Copper is another fourth-period metal that has been
used in TiO2 composites. Copper facilitates nitrate reduction through making a
complex with nitrogen species and acting as a reducing center for nitrate. However,
the complete reduction of nitrate to ammonium or nitrogen gas is only achieved in
acidic conditions (Sá et al. 2009; Wehbe et al. 2009).

The use of platinoids in TiO2 composite can influence the reductive mechanism
and change the photocatalyst performance (Shin et al. 2014). These different per-
formances observed for the platinoids/TiO2 composites are related to the size and
morphology of the metallic component of the composite, as well as the intrinsic
capability of that metal to stabilize the Hads for participation in the denitrification
process rather than other reactions such as the hydrogen evolution reaction (Tugaoen
et al. 2017). In the case of noble metals, gold and silver have been used to produce
monometallic TiO2 composites for the denitrification process in the presence of hole
scavengers. Among them, the Ag/TiO2 composites showed a better nitrate conver-
sion than Au/TiO2 composites (Wu et al. 2009). However, the reported data are not
sufficient to better understand the role of noble metals in combination with TiO2 in
the photocatalytic denitrification process (Tugaoen et al. 2017).

When two of the metals mentioned above are used together to create a composite,
a bimetallic composite is obtained, which is the most promising approach for the
denitrification of drinking water (Tugaoen et al. 2017). As mentioned before, the use
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of copper in TiO2 composites can hardly lead to the formation of ammonium or
nitrogen gas. On the other hand, low conversion efficiency is typically observed for
the reduction of nitrate to nitrite by platinoid/TiO2 composites. Therefore, combin-
ing copper and platinoids with TiO2 was reported to enhance the overall perfor-
mance of TiO2 in the photocatalytic denitrification process (Sá et al. 2012).

6.4.4 Applying Potential

Another possible way to reduce the recombination of photogenerated charges and to
enhance the photocatalytic activity of photocatalyst in the denitrification process is
to use an electrochemical method. In this method, a photocatalyst is used as a
photoelectrode and a constant current or defined potential is applied through the
photocatalyst to separate the charge carriers by an external electrical circuit (Garcia
Segura and Brillas 2017). The effect of nitrate photocatalytic reduction with the help
of a photocathode has been studied in a few research works. The two important
benefits of this method are a great performance of photocatalyst without using hole
scavengers and also good selectivity in a quasi-neutral pH environment (Paschoal
et al. 2013; Wang and Turner 2013; Liu et al. 2014b).

6.4.5 Other Parameters Affecting the Photocatalytic
Denitrification Process

It is clear that the irradiation source is one of the fundamental components of all
photocatalytic processes. Contrary to what it looks like, selection of an appropriate
light source has a significant influence on the generation of charge carriers. Hg and
Xe lamps and natural sunlight irradiation are the most popular irradiation sources
that have been used for photocatalytic denitrification process. It is worth to consider
that the direct photolysis of nitrate may also happen under light irradiation (Tugaoen
et al. 2017). The pH of the solution is another important factor affecting the
photocatalytic process. The solution pH can change the photocatalyst surface charge
and thus its adsorption properties toward nitrate ions. In addition, several steps of the
denitrification process are affected by the solution pH, especially H+ concentration.
Based on the investigation, the solution pH of about 3 is an optimal condition for this
purpose (Tugaoen et al. 2017). Finally, the presence of different ions in contami-
nated water and their influence on the overall efficiency of the process as well as the
possibility of fouling or dissolving of photocatalysts during a prolonged operation
should also be taken into consideration (Tugaoen et al. 2017).
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6.5 Nanomaterial-Assisted Biological Denitrification
Process

The biological denitrification process, which is driven either by heterotrophic or
autotrophic microorganisms, is one of the most promising technologies for the
reduction of nitrate to innocuous nitrogen gas. The main concerns in the biological
denitrification are the slow initial start-up as well as the slow transfer of the treated
water to potable water due to the potential contamination of the treated water with
the microorganisms and their by-products (Fig. 6.7).

The biological denitrification process by heterotrophic microorganisms is
performed in the presence of organic substrate as an electron donor to rapidly
grow and reduce the nitrate as an electron acceptor. Therefore, the heterotrophic
biological denitrification is suitable in the water by sufficient organic carbon source.
The most prominent organic substrates for this purpose are glucose, methanol,
ethanol, and acetic acid. For example, the reduction of nitrate using a heterotrophic
microorganism in the presence of ethanol is shown in (6.12) (Beiki et al. 2016).

5 C2H5OHþ 12 NO�
3 ! 6 N2 þ 10 CO2 þ 9 H2Oþ 12 OH� ð6:12Þ

In contrast, autotrophic microorganisms convert nitrate to nitrogen using inor-
ganic carbon sources such as CO2 and HCO3

¯ for bacterial growth and inorganic
electron donors such as sulfur or hydrogen. The autotrophic reduction of nitrate in
the presence of hydrogen is shown in (6.13).

5 H2 þ 2 NO�
3 ! N2 þ 4 H2Oþ 2 OH� ð6:13Þ

In comparison with heterotrophic denitrification, removal of nitrate using auto-
trophic microorganisms not only is cost-effective but also produces less sludge and
reduces the need of posttreatment processes (Beiki et al. 2016).

As mentioned in Sect. 6.2.4, the NZVI particles have been used in combination
with microorganisms for reduction of nitrate (Peng et al. 2015; Beiki et al. 2016). In
the microbial denitrification process, NZVI particles can directly donate their elec-
trons to nitrate (1–3) or indirectly by the generation of hydrogen that acts as an

Fig. 6.7 Schematic illustration of the biological denitrification process
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electron donor source and reduces the nitrate ions (6.13). Other nanomaterials such
as magnetic iron oxide (Ni et al. 2013), bimetallic nanoparticles (An et al. 2010), and
nanocrystalline PbO2 (Mook et al. 2013) have also been used in the biological
denitrification process.

Operational parameters such as the initial nitrate concentration, solution pH,
dissolved oxygen, and temperature play important roles in the microbial reduction
of nitrogen. As can be expected, the initial concentration of nitrate must be comparable
with the microorganism’s activity, which means that the excessive increase of nitrate
concentration can reduce the performance of bacteria in the denitrification process. In
the case of solution pH, it was demonstrated that in alkaline media, pH above
8, accumulation of nitrate occurs in the reactor and denitrification is not accomplished
due to the inhibitory effect of hydroxyl anions on the activity of microorganisms (Zhu
and Getting 2012; Jiang et al. 2013; Liu et al. 2014d). The high dissolved oxygen has a
negative impact on the performance of the microorganisms in the removal of nitrate.
Therefore, biological denitrification is mostly performed at a low concentration of
oxygen (2 mg L�1) (Beiki et al. 2016). The operational temperature has a significant
impact on the growth and metabolic activity of microorganisms in the denitrification
process. The biological removal of nitrogen was not effective at temperatures below
7 �C, and this process promotes with the increase of the temperature to 35 �C.
However, further increase of the temperature to 40 �C reduces the biological denitri-
fication (Chen et al. 2016; Beiki et al. 2016).

6.6 Adsorptive Removal of Nitrate by Nanomaterials

In the adsorption method, a material is used as an adsorbent to remove contaminants
such as nitrate from water by adsorbing these pollutants onto its surface. In com-
parison with the other methods of nitrate removal, adsorption has significant advan-
tages of low-energy consumption, flexibility in operation, as well as a short
treatment cycle. It should be noted that the selection of appropriate adsorbents for
efficient removal of nitrate from different media is very important. There are various
adsorbents that have been proved effective for this aim such as carbon-based
sorbents, natural sorbents, synthetic adsorbents, bio-sorbents, miscellaneous adsor-
bents, agricultural wastes, and industrial wastes. Some of these adsorbents in
nanometer size are presented below.

Synthesis of zero-valent aluminum in nanometer scale has been reported as an
efficient adsorbent for removal of nitrate. Bhatnagar et al. reported the high potential
of nano zero-valent aluminum in the adsorptive removal of nitrate at pH 4.4. The
thermodynamic investigation suggested that the interaction of nitrate and nano-
alumina is endothermic in nature (Bhatnagar et al. 2010). In another work,
Azadbakht et al. extracted nanocrystalline cellulose by acidic hydrolysis of sugar-
cane bagasse that was considered as a proper nitrate nano-adsorbent due to its
nontoxicity, low density, high surface area, and modifiable surface properties.
Among different experimental factors such as solution pH, the initial concentration
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of species, and contact time, the initial concentration of nitrate has the highest
influence on the removal efficiency of the nanocrystalline cellulose. As it was
expected, the nitrate removal percentage of the nanocrystalline cellulose was high
when the surface charge of this compound was positive (Azadbakht et al. 2016).

6.7 Nitrate Removal by Nanomaterial-Assisted Membrane
Technologies

Membrane technology for separation of nitrate from contaminated water consists of
ion exchange, electrodialysis, nanofiltration, and reverse osmosis processes (Pintar
et al. 2001). The main concern in these processes is a selection of suitable membrane
with high selectivity toward nitrate and excellent durability against fouling. The
composition of contaminated water is also a key factor in these processes and
determines the necessity of pretreatment and posttreatment processes, membrane
regeneration efficiency, chemical usage, and waste disposal.

6.7.1 Ion Exchange

The most commonly used technology for removal of nitrate from drinking water is
ion exchange. Ion exchange process for denitrification involves passage of nitrate-
contaminated water through a strong base anion exchange resin on which nitrate ions
were exchanged with other ions at the surface sites of the resin until it is exhausted
(Fig. 6.8). This process is favorable for communities that do not have the high
technology and expensive machinery to manage the removal of nitrate from con-
taminated water.

In order to improve the efficiency of the denitrification process by the ion
exchange technology, a novel class of hybrid media consisted of aluminum (hydr)
oxide nanoparticles inside the pores of a strong base ion exchange resin was recently
proposed, which is based on the exchange of nitrate with chloride ions (Markovski
et al. 2017). In another work, an ion exchange nanopaper was produced from nano-

Fig. 6.8 Schematic illustration of ion exchange process for removal of nitrate
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fibrillated cellulose to take the advantages of adsorption and membrane processes for
effective removal of nitrate (Mautner et al. 2016). To minimize the problems
associated with membrane fouling in this system, the nano-fibrillated cellulose was
modified with quaternary ammonium groups to obtain. The obtained results with
respect to the membrane permeate and nitrate adsorption demonstrated that the
modified membrane could successfully capture the nitrate ions from contaminated
water during dynamic filtration experiments (Mautner et al. 2016).

6.7.2 Electrodialysis

In electrodialysis method, separation of nitrate occurred with the help of semiper-
meable ion-selective membranes and under the influence of an electric potential.
Application of an electric potential between the two electrodes causes an electric
current to pass through the solution, which in turn results in a migration of cations
and anions (e.g., nitrate) toward the negative and positive electrodes, respectively.
The membranes used in electrodialysis are anion and cation exchange membranes
that are placed alternately between the negative and positive electrodes (Fig. 6.9).

Fig. 6.9 Schematic illustration of electrodialysis for removal of nitrate. AEM, CEM, A�, and C+

are anion exchange membrane, cation exchange membrane, anion, and cation, respectively
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In the electrodialysis of contaminated water, multivalent ions such as SO4
2� can

simultaneously be removed with nitrate. However, too much removal of SO4
2� from

the feed water leads to the precipitation of CaSO4 in the concentrated compartment
and reduces the performance of the electrodialysis process. Therefore, to avoid
precipitation in the concentrated stream and to achieve the drinking water standards,
a high selective anion membrane is required in the denitrification process. For this
purpose, the surface of the anion exchange membrane was modified with a nano-film
of polydopamine. This modification provided a negatively charged layer on the
surface of the anion exchange membrane that improved the selectivity toward nitrate
ions (Vaselbehagh et al. 2015).

Aside from the membrane selectivity, the operational conditions such as solution
pH, flow rate, ion concentration, and applied electric potential have a significant
impact on the efficiency of the denitrification process by electrodialysis. As reported
previously, the most effective pH for removal of nitrate by electrodialysis method
was between 3 and 5, because the adsorption and distribution of nitrate ions among
the charged sites on the membrane surfaces are affected by pH. On the other hand,
the adsorption of ions on the membrane surface is under the influence of applied
potential. At high potential, the adsorbed ions are released, and regeneration of the
membranes may occur, while at low potential, the exchange of ions is performed
(Wisniewski et al. 2002). Therefore, the solution pH and applied potential must be
optimized to effectively remove nitrate ions.

Fouling is minimal in electrodialysis because the feed water does not pass
through the membranes, which means that the membranes do not serve as a filter
in this process. However, any fouling can be removed using electrodialysis reversal
process. In this approach, freshwater is sent to the compartments previously filled
with concentrated waste streams, and then the polarity of the system is reversed. The
change in the polarity forces the adsorbed ions to move in the opposite direction
through the membranes and thus reduces membrane fouling.

6.7.3 Nanofiltration

Nanofiltration is a pressure-driven technology that is mostly used for groundwater
treatment and purifying drinking water by reducing water hardness using a semiper-
meable membrane with the ability to reject particles as small as one nanometer. The
rejection of ions by nanofiltration membranes is the consequence of interactions
between solution species and the membranes under operational conditions. As it is
known, choosing a right membrane is an important step in the nitrate removal by
nanofiltration. For this purpose, a membrane with tight pores (less than 2 nm),
negative charge, and high permeability toward nitrate ions is more favorable (Sancho
et al. 2016).

Two types of negatively charged nanofiltration membranes that have been used in
the denitrification process are NF90 and NF270 manufactured by Dow-FilmTec. The
NF90 is a dense membrane with a tight porous structure that has a high rejection
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even to monovalent ions, while the NF270 is a loose membrane. According to the
manufacturer’s information, the NF90 membrane is designed to remove a high
percentage of nitrate ions. In contrast, the use of NF270 with low ion rejection
capability is suitable when the nitrate concentration in water barely exceeds the
standard limit because of its lower ion rejection. However, higher amounts of flux,
stability, and permeability, as well as less fouling, were obtained by NF270 than the
NF90 (Hoinkis et al. 2011).

The influence of different factors and operational parameters on the nitrate
removal efficiency of the nanofiltration membranes was thoroughly studied (Dizge
2014). The results showed that with the increase of flow rate at a high concentration
of nitrate, the efficiency of the membrane decreases. It was also proven that the high
concentration of a salt (e.g., NaCl) reduces the rejection of nitrate ions, whereas the
membrane permeance to ions increases (Reig et al. 2016). Another study revealed
that the impact of pH on nitrate retention was mostly independent, and the retention
was highly dependent on the membrane type (Richards et al. 2010).

Since the membrane surface characteristics are the key factors in the membrane
exclusion, Ghaee et al. fabricated a thin-film nanocomposite polyamide membrane.
The membrane was then modified with zeolite nanoparticles to enhance the perfor-
mance of the nanofiltration in the denitrification process. The zeolite/thin-film
nanocomposite membrane showed high nitrate rejection while maintaining high
water flux due to the improvement in the surface hydrophilicity and induction of
negative charges on the membrane surface (Ghaee et al. 2017).

To reduce the membrane fouling in the nanofiltration process, modification of the
surface of NF270 membrane has been recommended. This modification increases
the resistance of the membrane against fouling and also improves membrane func-
tionality and selectivity. Moreover, it can alter the hydrophilicity, roughness, per-
meability, and surface charge of the membrane (Juholin et al. 2018). In this context,
Juholin et al. have recently reported that the modification of NF270 with ZnO
nanoparticles reduced the reversible fouling of the membrane, though it did not
significantly change the relative flux, permeability, and removal efficiency of the
system. In addition, some other challenges such as the high tendency of ZnO to wear
off from the membrane surface and its short lifetime were observed in this system
(Juholin et al. 2018).

6.7.4 Reverse Osmosis

Reverse osmosis can be used for simultaneous removal of multiple contaminants of
water such as anions, particles, and organic constituents. In this process, water is
moved across the membrane against the concentration gradient, from lower concen-
tration to higher concentration. For this purpose, a pressure is exerted on the side
with the concentrated solution to force the water molecules across the membrane to
the freshwater side without making any changes in the molecular structure of
compounds (Fig. 6.10) (Malaeb and Ayoub 2011).
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In comparison with the nanofiltration process, reverse osmosis is operated under
higher pressure and lower recovery efficiency. However, in the case studied by
Häyrynen et al., the removal of nitrate using reverse osmosis setup was completely
successful, while a poor separation performance toward nitrate was obtained by the
nanofiltration membrane (Häyrynen et al. 2009). These results indicated that the
efficiency of the membrane technology in the denitrification process can be varied
based on the membrane type and the water quality (Tepuš et al. 2009).

To take the advantages of nanofiltration and reverse osmosis, the combined use of
these technologies was proposed for selective removal of nitrate from groundwater
(Epsztein et al. 2015) and production of high-quality water (Cartagena et al. 2013).
The methodology of this system was based on the removal of chloride and sodium
ions by the selective nanofiltration membranes to a side stream in a preliminary stage
followed by nitrate removal in the reverse osmosis stage. After removal of nitrate,
the side stream of nanofiltration step was mixed with the reverse osmosis permeate in
order to create product water with a balanced composition of all required spices and
minerals. The nitrate-rich brine of the reverse osmosis stage with low salinity can be
used for irrigation purposes. This system also provided low concentrated waste brine
and high recovery (Epsztein et al. 2015).

6.8 Nitrate Removal by Nanomaterial-Assisted Capacitive
Deionization

Capacitive deionization technology is based on the electrostatic adsorption of ions
onto the surface of charged electrodes under an applied electric field (0.7–1.5 V).
This electro-sorption process could become a serious competitor with reverse osmo-
sis for selective removal of nitrate from the wastewater stream. Carbon-based
materials due to their porous structure, large specific surface area, high wettability,
and excellent electrical conductivity have been extensively used as an electrode in

Fig. 6.10 Schematic illustration of reverse osmosis for removal of nitrate
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this system (Oren 2008). In the capacitive deionization technology, wastewater
containing nitrate and other ions flow through a pair of porous electrodes with
opposite charges. As a result, the positively charged ions are captured by the
negative electrode, while the negatively charged ions are separated from the solution
at the positive electrode. After a time of operation, the electrodes will be saturated by
the waste ions, and thus regeneration of the electrodes is performed by applying a
reverse potential or zero voltage, which leads to the desorption of ions into a waste
container.

In order to improve the attraction of ions during the removal process as well as to
decrease the required time for the regeneration of the electrodes, an asymmetric
electrochemical capacitive deionization was proposed. In this approach, the surfaces
of the carbon electrodes were covered with a nanoporous thin film of different metal
oxide nanoparticles (SiO2 and Al2O3) that have an inherent and opposite surface
potential. This modification not only presented a unique possibility for faster regen-
eration of the electrodes but also increased the removal rates of nitrate (Leonard et al.
2009). In a similar approach, Lado et al. reported that coating of the carbon
electrodes with different metal oxides reduces the electrodes’ hydrophobicity and
also increases the surface area of the electrodes. Therefore, faster ion transport
through the carbon electrodes and higher adsorption site were achieved that
improved the nitrate removal capacity of the electrodes (Lado et al. 2017).

As contaminated waters mostly contain a mixture of various ions (e.g., NO3
�,

Cl�, F�, Na+, Fe3+, Ca2+), their desalination using captive deionization technology
leads to the separation of all their cationic and anionic ions along with nitrate ions.
However, most of these ions are not required to be removed from the contaminated
water, and thus this separation method consumes unnecessary energy. A possible
solution to overcome this problem is to cover the surface of carbon electrode with
mesoporous ion exchange resin (pore size about 50–100 nm) with a high selectivity
toward nitrate ions (Kim and Choi 2012; Yeo and Choi 2013). This strategy
increases the throughput per unit size of the electrodes and significantly reduces
the energy cost.

Although capacitive deionization is a promising approach for the selective
removal of nitrate from contaminated water, the concentrated nitrate at the surface
of the electrode needs to be further treated into nitrogen gas in order to prevent the
discharge of separated nitrate to the environment. Moreover, this treatment can
regenerate the electrode surface for further use. For this purpose, a Pd/NiAl-layered
metal oxide film electrode (Pd nanoparticles on NiAl nanosheets) was prepared and
replaced by the common carbon electrodes for electro-sorption/reduction of nitrate.
Decorating of NiAl nanosheets with Pd nanoparticles creates loose porous
nanostructures for nitrate electro-sorption followed by the catalytic denitrification
process (Fig. 6.11) (Hu et al. 2018).
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6.9 Patents Reported on the Removal of Nitrate by
Nanomaterial Structures

To the best of our knowledge, there are only a few patents reported on nanomaterial-
assisted technologies for denitrification processes. In this section, some of these
inventions in connection with the use of metal oxide, adsorption, and membrane
technologies for removal of nitrate from contaminated water are presented.

As discussed earlier, metal oxide nanoparticles such as zero-valent iron oxide
have shown promising activities toward the removal of trace inorganic contaminants
such as nitrate ions from water. However, packing of these nanomaterials into a
standard column as a filter would result in channeling and high-pressure drop in the
system. To overcome the undesirable pressure drop, US patent 20130206700
describes the design and development of a radial flow column including zero-
valent iron particle (Gudipati and Woodling 2013).

US patent 20070256985 describes a method for the preparation of highly stabi-
lized zero-valent iron nanoparticles in a liquid carrier. This method employs a
composition containing select polysaccharides (starch or cellulose) as a stabilizer
for the iron nanoparticles and facilitates the nanoparticles’ dispersion and mobility
for efficient removal of nitrate in the contaminated site (Zhao and Xu 2007).

US patent 20180086648 describes the use of aluminum hydr(oxide) nanoparticles
in a porous hybrid media for removal of multiple contaminants (e.g., nitrate,
fluoride) from contaminated water (Hristovski et al. 2018).

Fig. 6.11 Schematic illustration of (a) nitrate electro-sorption and (b) nitrate electro-reduction by
the Pd/NiAl electrodes. LMO and LDH stand for the layered metal oxide and layered double
hydroxides, respectively. (Reprinted with permission from Hu et al. 2018)
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WO patent 2013126477 describes a method for removing nitrate ions from water
stream using high-quality and low-cost biochar/metal nanocomposites. The
nanocomposites were made of porous biochar phase and a metal phase (Mg, Al,
Fe, Zn, or their combination) in the form of an oxide, a hydroxide, or an
oxyhydroxide. The inventors also suggested that some of the exhausted biochar/
metal composites (e.g., nutrient-loaded biochar/metal composites) can be reused as
fertilizers to improve soil productivity (Gao et al. 2013).

WO patent 2005105272 describes a computer-designed nano-engineered mem-
brane for separation of nitrate from water. The membrane has a nanopore structure
with optimized sizes that preferentially pass nitrate ions into the waste stream, while
it holds other ions with the water stream. Indeed, when the water stream is in contact
with the membrane, the nanopores will be in a condition of double layer overlap and
allow passage only of ions opposite to the electrical charge across the membrane
(Wilson et al. 2005).

6.10 Summary and Outlook

Nitrate removal from contaminated water is one of the major engineering challenges
due to the deep impact of this compound on human health and the ecological system.
Therefore, several water treatment technologies have been developed to deal with
this concern. In this context, nanotechnology has shown a tremendous influence on
the optimization and improvement of these denitrification processes. Aside from all
the advantages of these methods in the removal of nitrate from water, there are still
some drawbacks that affect the efficiency and performance of these processes
(Table 6.1). The separation-based technologies for removal of nitrate are mostly
simple, convenient, easy to operate, and flexible in design. However, these technol-
ogies require significant posttreatment processes to avoid the disposal of separated
contaminants to the environment. In comparison, the degradation-based technolo-
gies are capable of reducing the nitrate to innocuous nitrogen gas, though there are
some problems (controlling the solution pH and temperature and providing efficient
light source) associated with the operation of these technologies in the real world.
Therefore, more investigation and efforts are required in order to develop a facile,
fast, safe, cost-effective, and environmentally friendly technology for the efficient
removal of nitrate from contaminated water.
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Table 6.1 Comparison of different technologies used to remove nitrate

Method Advantages Disadvantages

Degradation-
based
technology

Chemical
reduction
using NZVI

High selectivity toward
harmless products is possible
(Liu et al. 2014a)

Production of by-product
demands posttreatment

Recovery of water is high
(Jensen et al. 2012)

Effect of temperature and pH is
important

Stability of NZVI is low (Liu
et al. 2014a)

Catalytic
denitrification

Efficiency is high (Hamid
et al. 2015)

Stability of catalysts is low
under specific conditions

High selectivity toward
harmless products is
possible

A relatively mild condition
is required (Hamid et al.
2015)

Photocatalytic
denitrification

High selectivity toward
harmless products is possible

Irradiation is required

Can be installed in remote
locations (Anderson 2011)

Effects of temperature and pH
are important

Biological
denitrification

Multiple contaminants can
be removed

Disposal of biomass wastes is
required

Recovery of water is high
(Jensen et al. 2012)

Initial start-up is slow

Effect of temperature and pH is
important

High selectivity toward
harmless products (Bhatnagar
and Sillanpää 2011)

Microorganisms in the product
water require posttreatment
(Bhatnagar and Sillanpää 2011)

Separation-
based
technologies

Adsorption The operation is fast and
easy (Bhatnagar and
Sillanpää 2011)

Regeneration of the sorbent is
required

Effect of temperature and pH is
important (Bhatnagar and
Sillanpää 2011)

Ion exchange Selective removal of nitrate
is possible

Regeneration of the resin is
required

Multiple contaminants can
be removed (Jensen et al.
2012)

Resin fouling may occur

pH adjustment is required to
avoid corrosion

Effects of temperature can be
overlooked (Bhatnagar and
Sillanpää 2011)

Disposal of waste brine is
problematic (Bhatnagar and
Sillanpää 2011)

Electrodialysis The lifetime of the mem-
brane is high

Regeneration of the membrane
is required

Removal rate is controlled
through voltage control

Applying potential is required

Disposal of waste concentrate is
problematic (Jensen et al. 2012)Removal of multiple con-

taminants is possible
(Jensen et al. 2012)

(continued)
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Nanoencapsulation of Food Carotenoids
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Abstract There is an increasing demand for delivery of carotenoids through func-
tional foods with the concomitant challenge of protecting their bioactivity during
different food unit operations and subsequent passage through the gastrointestinal
tract. Evolving evidence on the health benefits of carotenoids has sparked interest in
nanoencapsulation and utilization of encapsulation matrices in food fortification.
Different nanoencapsulation matrices such as emulsions, nanoparticles, liposomes,
hydrogels, clusters, and nanocrystals demonstrated compatibility with different food
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matrices. In addition, nanoencapsulation matrix could be designed to help decrease
the degradation of the carotenoids. This chapter reviews the aspects of carotenoid
nanoencapsulation and their bioavailability in food matrices. Additionally,
co-encapsulation strategies to enhance bioavailability and bioaccessibility are
discussed.

Keywords Nanoencapsulation · Carotenoids · β-carotene · Nano-fortification ·
Nano-additives

7.1 Introduction

Carotenoids are naturally occurring colored pigments with unique structural diver-
sity and functionalities. Structurally carotenoids are tetra-terpenes formed from eight
isoprene units, resulting in symmetrical molecules. The existence of π-electrons in
centrally located conjugated double bonds is efficiently delocalized throughout the
polyene chain. This alternative single and double bond system institutes the light-
absorbing chromosphere which is responsible for the color and unique functional-
ities of carotenoids (Liaaen-Jensen and Jensen 1966). However, it also reduces the
molecule prone to oxidative degradation and geometric isomerization (Havaux
2014). There is a huge demand for mixed carotenoids as it has surplus applications
starting from medical to cosmetic field. The linkage of the carotenoids can be
modified by chemical modifications such as cyclization, varying the hydrogenation
level, and adding of functional groups with oxygen. These carotenoids are recog-
nized for prevention of diseases which are caused due to oxidative stress like cancer
and age-related diseases as there is no oxygen molecule attached to its functional
group (Noviendri et al. 2011). In addition, certain lipophilic carotenoids provides
vitamin property and finds many applications in micelle formation, colors in bever-
ages and functional foods (Sarkar et al. 2015). As consumers switch for the natural or
organic health benefits of food additives for the last decades, carotenoids are
preferred mostly.

As a heterogeneous dispersion system, foods generally have a high content of
amphiphilic compounds, among which the non-covalent and covalent interaction
occurs, which is determined by different bonding forces in the food unit operations
such as homogenization, heating, and frying. When carotenoids undergo through
these different unit operations, often their functionality and bioavailability reduce. In
addition, bioavailability of carotenoids is often reduced due to poor solubility,
degradation during assimilation, and release patterns from the food matrix. More-
over, oxidative degradation of carotenoids reduces the nutritional value of food
along with the development of off-flavor, discoloration, and lipid prooxidants.
Therefore, conveying carotenoids to the human body via nanoencapsulation can
enhance the bioavailability and release kinetics in food matrices (Qian et al. 2012b).
Nanoencapsulation matrices are passive nanostructures employed to protect during
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processing and enhance the efficacy of functional compounds such as carotenoids,
polyunsaturated fatty acids, antioxidants, and essential oils.

Nanoencapsulation technology is expanding rapidly with a number of potential
applications in areas of food and pharmaceutical industry. An increasing number of
studies have found that utilization of nanostructures in food supplements or foods
requires suitable regulations to assess the toxicology and their potential for application.
However, research related to carotenoid encapsulation is still very less compared to
other bioactive compound encapsulation. This might be attributed to the fact that
technical challenges are normally associated with incorporation of these active com-
pounds into commercial food and beverage products. Nevertheless, there are examples
for nanotechnology-based food products available in market such as LycoVit which is
a nanoparticulate lycopene, a European product developed by BASF, which is claimed
for use as food fortifying agent and supplement. In addition, this product has been
categorized under generally recognized as safe by the US Food and Drug Administra-
tion (Faisal et al. 2010). In general, encapsulation systems can be classified as shell-
and core-based encapsulation matrices that can be used for both lipophilic and hydro-
philic functional molecules. However, an effective synergism between the encapsula-
tion system and nutraceutical compound is currently acknowledged as a key factor to
ensure therapeutic efficiency (Lohith Kumar and Sarkar 2017, 2018; Quintanilla-
Carvajal et al. 2010). This review will discuss the different nanoencapsulation matrices
and patterning them at nanoscale along with evaluating different structural and dietary
barriers for the bioavailability of encapsulated carotenoids.

7.2 Nanoencapsulation Matrices for Carotenoids

To ensure that a designed encapsulation matrix is ideal for an active compound,
better fundamental understanding of food encapsulation matrix interaction at molec-
ular level and association with functional properties is necessary. For instance, the
location of bioactive compounds such as either bound on the surface or encapsulated
inside of the nanoencapsulation matrices defines the potency of functionality
(Augustin and Hemar 2009; Augustin and Sanguansri 2015). Various
nanoencapsulation matrices such as emulsion, liposome, lipid particles, and
hydrogels have been used to protect carotenoids according to the prerequisites of
their applications (Bustos-Garza et al. 2013; Gomes et al. 2017; Liu et al. 2015; Tan
et al. 2014b; Zhang et al. 2016b). Biodegradable matrices are highly preferred as
they deliver controlled release characteristics and biocompatibility with cells and
tissues. Recent research findings on nanoencapsulation of food carotenoids to protect
during processing and storage and the ways of increasing bioavailability are
presented in this section. Surprisingly, understanding of the chemistry behind
carotenoid degradation during processing and storage remains narrow and fragmen-
tary. In general, carotenoid degradation pattern, including oxidation and geometric
isomerization, is known (Boon et al. 2010). For better understanding,
nanoencapsulation matrices are categorized as liquid matrices, solid matrices, and
semisolid matrices.
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7.2.1 Liquid Matrices

Nanoemulsion

Nanoemulsions are passive nanostructures comprising of two liquid phases sepa-
rated by a thin amphiphilic interfacial membrane (Fig. 7.1). Encapsulation of
carotenoids in nanoemulsions proves to be an efficient delivery system. Though
microemulsions are also considered for encapsulation, nanoemulsions are preferred
due to increased physical stability, high optical transparency, processability, and
greater bioavailability (Dasgupta et al. 2016). The biochemical stability of caroten-
oids during storage and emulsification depends on droplet properties (zeta potential,
interfacial layer composition, droplet size), emulsion composition (type of caroten-
oid, concentration of oil, surfactant properties, and presence of free radicals or
oxygen scavengers), extrinsic conditions (oxygen, light, temperature), and intrinsic
conditions (ionic strength, pH, droplet surface charge) (McClements and Rao 2011).

Bioavailability of carotenoids can be enhanced by ingesting with dietary fat as the
digested products of fat form micelles, which are capable of solubilizing and
transporting carotenoids to epithelium cells (Palafox-Carlos et al. 2011). Hence, it
can be concluded that emulsion matrix may be an ideal delivery vehicle for formu-
lation of carotenoid-rich functional foods. Lipophilic carotenoids can be entrapped
inside the oil droplets of an emulsion and thus be protected by hydrophilic free
radicals located at the interface. Nanoemulsions as delivery vehicles for carotenes
with the aim of investigating properties, preparation methods, and digestion

Liposomal matrix Emulsion matrix

Cluster-emulsion matrix Micelle matrix

Fig. 7.1 Illustration of different liquid-based encapsulation matrices
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behavior were studied intensively (Qian et al. 2012a, b, c; Rao et al. 2013; Yuan et al.
2008a). Among available nanoemulsion preparation techniques, high-pressure
homogenization is the most used technique in both industries and laboratories as it
allows producing different particle size ranges. It is observed that either increasing
homogenization cycles or pressure results in saturation of droplet size reduction and
wider distribution due to unchanged surface tension and emulsifier shortage at the
interface. However, utilization of small molecular wright emulsifiers such as spans,
tweens, polyglycerol esters of fatty acids, sugar esters instead of biopolymers such as
milk proteins, and polysaccharides can help in obtaining smaller oil droplets.

In carotenoid nanoemulsion, emulsifier plays a critical role in physical, color, and
chemical stability. Small molecular weight emulsifiers generally play a weak role in
inhibiting carotene oxidation, probably because of the thin membrane formed at the
oil-water interface; hence, surface-active biopolymers are preferred to produce
carotene emulsions. It was observed in a study that nanoemulsion stabilized by
sodium caseinate had larger particle size, but β-carotene had the best stability at 4 � C
for 8 weeks. When the blend of sodium caseinate and decaglycerol monolaurate is
used as stabilizer, it enhanced the stability compared to decaglycerol monolaurate
alone. However, the enhanced chemical stability might be attributed to the antiox-
idant property of casein at the interface (Yin et al. 2009). Similar findings were
reported that emulsion formulated using β-lactoglobulin was more stable to discol-
oration than emulsion containing Tween 20 (Qian et al. 2012a). The different
antioxidant effects of proteins could be associated with the different amino acid
compositions and the interfacial structures in the emulsions. When different proteins
were tested, sodium caseinate provided better protection than whey protein isolate
against β-carotene degradation (Cornacchia and Roos 2011), and a mixture of Tween
20 and whey protein concentrate was capable of retaining more β-carotene than a
mixture of Tween 20 and bovine serum albumin (Trentin et al. 2011).

In nanoemulsions, the carrier oil type largely affects the bioaccessibility of
carotenoids. In general, long-chain triglycerides are a more effective carrier lipid
phase compared to medium-chain triglycerides as they form enough mixed micelles
during digestion and helps in solubilization of carotenoids (Qian et al. 2012b). The
effect of oil composition on β-carotene bioavailability is influenced by preliminary
total oil concentration. In low-fat emulsions, the bioavailability of bioactive com-
pounds enhances progressively with increase in long-chain triglyceride concentra-
tion, which was ascribed to the better solubilization ability of mixed micelles
comprising long-chain fatty acids. In case of high-fat nanoemulsions, the bioavail-
ability is less but increases with increase in medium-chain triglyceride concentration.
There are several variables that have been attributed to this phenomenon, including
changes in the concentration of non-digested fat present and solubilization ability of
the micelle phase. Therefore, a high β-carotene bioavailability can be accomplished
either by using high-fat medium-chain triglyceride nanoemulsions or low-fat long-
chain triglyceride nanoemulsions (Salvia-Trujillo et al. 2013; Zhang et al. 2016a).
However, the bioavailability of carotenoids in the nanoemulsion matrix containing
the mixed oil phase is dependent on the oil composition (Salvia-Trujillo et al. 2013).
In another study, it has been observed that β-carotene bioavailability in oil-in-water
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nanoemulsion is also affected by the presence of unsaturated fatty acids (Rao et al.
2013). For instance, in comparison between corn oil, orange oil, and lemon oil, the
bioavailability of carotene was higher in corn oil, which is ascribed to the presence of
unsaturated fatty acids and long-chain fatty acids (C16 and C18) which are able to
generate mixed bile acid micelles that can solubilize β-carotene (Rao et al. 2013).
The pH of emulsion matrix can be correlated with carotenoid chemical stability and
color degradation as it propagates more during acidic condition. Xu et al. (2013)
demonstrated that β-carotene is more stable at pH 6.0 and 7.0 than that at pH 3.0 and
4.0 in whey protein isolate-stabilized emulsions. A similar study was conducted in
β-lactoglobulin-stabilized emulsion, where they found β-carotene degradation rate is
high at acidic pH 3.0 than pH ranges 4.0–8.0 (Qian et al. 2012c).

Nanoemulsion-based encapsulation matrices have a limited scope for modulating
the chemical stability of encapsulated carotenoid. This is attributed to the presence of
a thin emulsifier interface layer around the oil droplet, and therefore presence of
carotenoids near the interfacial layer will lead to chemical degradation stimulated by
lipophobic components in the aqueous phase (transition metals, acids). In addition,
carotenoids possess alternative polyunsaturated hydrocarbon chain separated by
single bonds which stimulate them for autoxidation in the presence of transition
metals, acidic condition, heat, light, and free radicals. Few studies are tabulated in
Table 7.1, briefing nanoemulsion composition and their properties.

Nanoliposomes

Liposomes are nanometer-sized, spherical-shaped bilayer vesicles that can be cre-
ated from natural cholesterol and phospholipids (Fig. 7.1). Liposomes can encapsu-
late both hydrophilic and lipophilic carotenoids in the aqueous core of phospholipid
bilayer or at bilayer interface. However, it is not clearly known how functional
molecules get released. Nevertheless, few theories suggest that liposomes digest in
the liver and turn into fat, and another study suggests that body cells are hungry for
phospholipid components to repair their cell structure and cell membranes; hence
cells steal these materials and allow encapsulated nutrient to be released in the
circulation system for absorption. Interestingly, in the case of the encapsulation of
carotenoids in the liposomal matrix, the position of the carotenoids is altered in the
lipid bilayer. But the location and position of the lipophilic component directly
influence the dissolution capacities in the liposomes. In addition, there is a strong
evidence that β-carotene can be positioned through the liposomal membrane, rather
than positioned in the lipid core. Therefore, it can be concluded that the bioavail-
ability of carotenoids in liposomes could be different compared to that of emulsified
lipids or in food matrices (Tan et al. 2014c). Few studies related to liposomal
encapsulation of carotenoids are tabulated in Table 7.2.

On the other hand, the bioavailability of encapsulated nutrients in any encapsu-
lation matrix is directly correlated with nutrient dimension, matrix composition,
physical integrity, and permeability of encapsulation matrix. These key factors
regulate the contact area of the lipid with the enzyme and interaction between the
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digestive enzyme and liposome membrane (Nik et al. 2011). In turn, entrapment of
carotenoids could also control the physical characteristics of the lipid membrane and
encapsulation efficiency (Gruszecki and Strzałka 2005). For instance, encapsulation
efficiency of carotenoids in liposomes decreases in the descending trend: lutein,
β-carotene, lycopene, and canthaxanthin. In addition, a similar trend was also
observed in their antioxidant capacities. In contrast, burst release was observed for
canthaxanthin and lutein in the GI tract compared to β-carotene and lycopene. The
dissimilarities in carotenoid efficacy may be attributed to the different modulating
effects of carotenoids (Tan et al. 2014a, b, c; Xia et al. 2015b). Thus, there might be a
mutual relationship concerning carotenoid modulation in liposomal membrane and
their bioaccessibility, necessitating more in-depth knowledge.

Carotenoid release rates have significant associations with the therapeutic actions
of all types of encapsulation matrices. It is essential to note that carotenoid entrapped
in the liposomal matrix is not accessible even after its release, and hence, the
capacity of the liposomal matrix to enhance the local bioavailability of carotenoid
can increase the therapeutic index. In addition, encapsulated carotenoids must be
transported to the targeted site and become accessible at a level within its therapeutic
index and at an adequate rate for a sustained period to have optimum therapeutic
index. The action of cell-cycle-specific carotenoids such as lycopene and β-carotene
can be highly sensitive to the release rate; hence with the help of the liposome, it is
possible to tune the rate of release as per the required therapeutic application (Gloria
et al. 2014).

The biological importance of dietary carotenoids evidently differs by their chem-
ical and physical properties. Liposomes have a problem with their delivery mecha-
nism such as how to transport functional molecule across cell membranes to
intracellular sites of action. Lipophilic carotenoids can enter cells as free carotenoids
in a weak base environment by passive diffusion and decrease concentration gradient
in the uncharged form, while small lipophobic carotenoids can use cell membrane
transporters to enter into intracellular sites of action (Chithrani et al. 2010; Peng et al.
2010). Hence, passive delivery of nutrients via the circulation of the encapsulated
liposome molecule to the targeted site with release of the nutrient in accessible form
near or at its anticipated site of action at a concentration that exceeds the minimum
therapeutic concentration results in better functionality. However, liposome multi-
tude characteristics help in the rational design to accomplish required therapeutic
objectives.

Nanoclusters of Emulsions

Clustered nanoemulsions are formulated by controlled flocculation or aggregation
of lipid droplets (Fig. 7.1). Flocculation can be hetero- (unlike fat droplets) or
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homo-flocculation (similar fat droplets) (McClements 2012). A nanoemulsion
containing flocculated droplets has different physicochemical properties such as
optical transparency, stability, appearance, rheology, and adsorption in the gastro-
intestinal tract. During formulation of functional foods, the final texture decides the
possible bioactive compounds that can be incorporated into the matrix. In this way,
viscosity and ingredients in the functional food matrix influence the structural
design principles (McClements and Li 2010). For example, flocculated
nanoemulsion possesses high viscosity compared to non-flocculated nanoemulsions
at the same oil droplet concentration due to large effective volume fraction.
Depending on the oil droplet concentration, flocculation leads to formation of
paste-like or gel-like structures. Clustered emulsions can be used to deliver two
bioactive compounds at once. However, properties of clustered emulsions can be
useful in masking undesirable flavor or feature of other bioactive compounds.
However, utilization of nanoclusters for the encapsulation of carotenoids is still
under development, and in the future co-encapsulation of carotenoids with other
functional molecules is possible with these nanostructures.

Nanomicelles

Nanomicelles are self-assembled functional molecule carriers. Casein micelles are
considered as the prototype in designing nanomicelle structures to deliver therapeu-
tic nutrients and their possible applications. Model micelle-based encapsulation
matrix is depicted in Fig. 7.1.Various factors such as presence of disulfide bonds,
hydrogen bonds, electrostatic and hydrophobic interactions, Ca2+, salt concentration,
temperature, van der Waals forces, temperature, and ionic strength define the
stability of a micelle during encapsulation of carotenoids. Biopolymer-based
nanomicelles are currently growing in pharmaceuticals and food industry as encap-
sulation matrices due to their higher blood circulation time. It has been observed that
micellar form enhances the cellular uptake of encapsulated nutrients (Trivedi and
Kompella 2010). The advantages of nanomicelles include direct incorporation of
encapsulated functional ingredients into final products, intestinal release of
micellated nutrient, and enhanced bioavailability of functional compounds.

In a study performed by Sáiz-Abajo et al. (2013), they demonstrated the suitabil-
ity of casein micelles to encapsulate labile β-carotene by shielding them against
degradation during the common industrial stabilization process such as pasteuriza-
tion, sterilization, heating, baking, and high hydrostatic pressure. The casein
nanomicelles provide thermal protection during the industrial processing of ingre-
dients, additives, and food products. However, during digestion, casein will get
denatured followed by release of entrapped nanoencapsulated nutrient into the
bloodstream for cellular uptake.
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7.2.2 Solid Matrices

Nanocrystals and Nanoparticles

Nanocrystals enclose a crystallized bioactive agent surrounded by polymers or
surfactant-assisted stabilizer. They have been developed to achieve adequate bio-
availability of hydrophobic functional compounds in aqueous media. Unlike lipids
and polymer nanoparticles where a bioactive is encapsulated, the organic composi-
tion of the compound itself assists as a solid matrix of nanoparticles, thereby
eliminating the problem of compatibility with the matrix. Nevertheless, a crystal-
based nanoencapsulation matrix is most effective for functional compounds having
high melting temperature, that is, the ability of a functional compound to crystallize
at room temperature (Brough and Williams 2013). Nanocrystals provide the most
advanced benefits to the food industry, such as improved formulation performance,
dissolution rate, and increased saturation solubility of bioactive compounds. In
addition, their high loading capacity allows efficient transport of bioactive com-
pounds to or into cells, which have a sufficient concentration for the desired
functional effect.

On the other hand, nanocrystals are particles comprising only encapsulated
nutrients without any matrix materials such as polymers (in polymeric nanoparticles)
or phospholipids (in liposomes). Nevertheless, nanocrystals are stabilized only by a
sterically stabilized polymer layer or adsorbed surfactant layer. These stabilizing
layers on nanocrystals range between 2 and 10 nm in thickness. From the point of
view of the cubic system, nanocrystals of 500 nm in size and the adsorption layer as
part of the nanocrystals account for up to 6% of the total volume. In practice,
nanocrystals can be regarded as nanoencapsulation matrices with 100% loading
efficiency (Kinder et al. 2011; Lin et al. 2012). Nanocrystals transport a functional
molecule to the target sites and help in permeation of active compound in molecular
form through cellular membranes and barriers. Nanocrystals can be fabricated by
bottom-up and top-down techniques. The conventional precipitation process
involves adding a non-solvent to the compound solution to obtain crystalline
nanoparticles. The top-down approach is best suited for industrial production of
homogeneous nanocrystals using high-pressure and bead mill technologies (Lin
et al. 2012).

Nanoparticles enhance the therapeutic index of entrapped functional molecules
through altering pharmacokinetics, protecting from enzymatic action, providing
sustained release, and reducing toxicity. Recently, carotene nanoparticles were
fabricated for food industry such as Lucantin or Leucarotin by BASF. Lucantin is
a source of xanthophylls, and Leucarotin is a source of β-carotene used as feed
additive and food additive, respectively (Mirza 2017). For preparation of these
nanoparticulate carotenoids, oil-in-water emulsion was the base where carotenoids
were solubilized in oil phase. Thus, the prepared emulsion was lyophilized, and it
was reported that 90% of encapsulated carotenoid was in amorphous state. These
amorphous crystals are called nanomorphs and they are marketed under the trade
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name Nanomorph. These were found to have higher saturation solubility when
compared to crystalline material. Recently, Arunkumar et al. (2013) studied the
structural interaction between lutein and low molecular weight chitosan to produce
lutein-encapsulated nano-chitosan. It was observed that encapsulated lutein can be
re-extracted in its native state due to weak bondage between lutein and cross-linked
chains of low molecular weight chitosan in the presence of water molecules. Further,
it was observed from in vitro and in vivo studies that lutein absorption was higher in
nanoencapsulated chitosan indicating nanoencapsulated lutein can be considered as
a better dietary supplement in functional food formulations.

Coacervates

Coacervates are insoluble complexes formed between two or more biopolymers by
means of electrostatic interactions (Fig. 7.2). The concentration and composition of
the biopolymer and environmental conditions such as the ionic strength and pH are
directly related to the loading efficiency of capsules produced using coacervates. The
commonly used biopolymer compositions include alginate-polylysine, gelatin-gum
arabic, albumin-gum arabic, and gelatin-carboxymethylcellulose. Coacervates are
formulated by dispersing the base biopolymer in solvent followed by suspending the
therapeutic material. Base biopolymers interact electrostatically to form coagulates
and entrap the therapeutic materials to stimulus such as change in pH, inorganic
salts, electrolytes, and temperature. Capsules formulated using coacervation tech-
nique are heat-resistant and provide sustained-release profile under various temper-
ature and mechanical stresses. Silva et al. (2012) encapsulated lycopene by complex
coacervation using gelatin and pectin as the encapsulants, but the process did not
improve the stability of the pigment due to loss of initial coacervate structure and
disintegration during freezing. Hence, postprocessing operations play a crucial role
in the functionality of encapsulated carotenoids. A study conducted by Rocha-Selmi
et al. (2013a) shows that the capsules obtained by complex coacervation have a
better capacity to impart color to the food matrix. This might be attributed to the
homogenous distribution of the pigment and the structural compatibility with the
food matrix. However, presence of a homogenous distribution of the pigments in the
encapsulation matrix prepared by complex coacervation demonstrated the less cake
pigmentation. This might be an outcome of matrix incompatibility and elevated
processing parameters. During the preparation of the mix, the microcapsules were
not dissolved, and the heat of the oven was not sufficient to break them up
completely, and thus the core was not fully released and distributed throughout the
cake, which restricts the direct use of freeze-dried coacervated microcapsules in this
type of application (Rocha-Selmi et al. 2013b). Qv et al. (2011) observed that
encapsulation of lutein in gelatin and gum arabic enhances the deteriorative effect
against light, temperature, and humidity. In addition, the retention rates of lutein
entrapped in capsules were 92.86% at 4 �C, 90.16% at 25 �C, 90.16% with relative
humidity of 33%, and 90.25% under aerobic condition.
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7.2.3 Semisolid Matrices

Hydrogel Beads

Hydrogels are effective in protecting nutraceuticals from external stresses. As the gel
structures can be modulated by changing the concentrations of oil fractions, gelling
agents, magnitude of triggering forces, and duration of gelation, it is possible to
produce gels with desired properties such as permeability and hardness, making the
gels to have different sensitivities to environmental stresses (temperature, pH,
enzyme, mechanical forces). Therefore, hydrogels can be used to modulate the
release of functional compounds. A model hydrogel matrix is illustrated in
Fig. 7.3. Mun et al. (2015a) designed rice starch gels containing protein-stabilized
fat droplets (filled hydrogel), which were used to deliver β-carotene in simulated
digestive conditions. The study indicated that β-carotene in the gels had higher
bioaccessibility than that in ungelled emulsions or hydrogels without fat droplets,
and this finding was attributed to the higher aggregation stability of the fat droplets in
the gelled network. A following study by the same group reported that emulsifier
type (WPI or Tween 20) or starch type (rice starch or bean starch) did not influence
the bioaccessibility of β-carotene in the gel matrix (Mun et al. 2015b).

Zhang et al. (2016b) fabricated alginate-based hydrogel beads in which an
encapsulating matrix partly protected the β-carotene from autoxidation and other
chemical degradations. This property of encapsulation matrix was demonstrated as a
function of polymer concentration in the beads. However, in simulated digestion

Electrostatic attraction stimulated 
by environmental factors such as 
pH, ionic strength

Fig. 7.2 A schematic illustration of heterogeneous homogeneity of coacervate encapsulation
matrix
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studies, alginate hydrogel beads retarded the rate of digestion and the extent of lipid
digestion which is attributed to smaller pore size and higher bed diameter. The
bioavailability of β-carotene was higher when it was entrapped within free oil
droplets than within hydrogel beads. This result demonstrates that β-carotene
remained entrapped within undigested lipid droplets, and only fewer micellated
carotenes were generated to solubilize the released β-carotene molecules. Therefore,
this type of hydrogel bead matrices may be suitable for hindering the chemical
degradation of carotenoids during food processing and storage or within the GI tract,
nevertheless with the compromise of bioavailability of carotenoids.

7.3 Nanopatterning of Different Encapsulation Matrices

7.3.1 Patterning Based on Size Reduction

Size reduction-based patterning technique is attractive because it occurs spontane-
ously, in a natural manner, without any intervention. However, suitable encapsula-
tion matrices must be formulated for better efficiency. For instance, when pressure
force is utilized, pressure pattern must be located in intimate contact with the matrix
for the formation of nanostructures. In case of sonication force, this involves
imploding cavitation force in crude encapsulation matrix such as emulsion, resulting
in formation of nanoencapsulation matrix. Spray drying is a cost-effective solid-
drying process achieved by atomizing emulsion containing encapsulating polymer
and encapsulants (high surface to mass ratio) with a high-temperature gas causing
dewatering uniformly. Utilization of these techniques for encapsulation of caroten-
oids is discussed below along with their process parameter consideration.

Gel network

Encapsulated bioactive compound

Fig. 7.3 A schematic illustration of hydrogel bead encapsulation matrix
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High-Pressure Homogenization

High-pressure homogenization technique is normally utilized in patterning of
nanoemulsions. In this process, fluid is passed through a valve as a consequence
of high turbulence, shear stress, and cavitation microstructure disruption, creating
uniform-sized nanostructure leading to enhanced physical stability and better tex-
tural characteristics (Fig. 7.4a). However, when high pressure is used for production
of tomato puree and concentrates, pressure may hinder the bioaccessibility of
carotenoids. This is attributed to the fact that a fiber network formed during
pressure-assisted homogenization limits the carotenoid micellarization (Colle et al.
2010; Panozzo et al. 2013; Svelander et al. 2011); this is also supported by the
increase in pulp viscosity after homogenization (Bayod et al. 2007; Bayod and
Tornberg 2011). However, homogenization changes the cell structure by separating
the fibers and permitting their end group to bind higher amount of liquids causing
thicker consistency (Palmero et al. 2016). These observations suggest that natural
structural barriers and presence of insoluble/soluble phases influence the in vitro
bioaccessibility of carotenoid upon high-pressure homogenization. In general, carot-
enoid bioaccessibility can also be correlated with homogenization pressure. For
instance, high in vitro bioaccessibility of lycopene can be expected with small
droplets prepared using high-pressure homogenization (Ha et al. 2015). However,
presence of long-chain fatty acids enhances the solubilization of astaxanthin through
formation of micelles (Sotomayor-Gerding et al. 2016).

Feed

Drying 
Chamber 

Cyclone

Particulate 
Product

Feed

Homogenized 
product

(a) (b) (c)

Fig. 7.4 Schematic illustration of different nanostructure fabrication processes: (a) High-pressure
homogenization, (b) spray drying, and (c) sonication
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Ultrasonication

Ultrasonication is used as a homogenization technique in food industry; however,
cavitation technique is also used in patterning of emulsions. Ultrasonic waves are
generated by sonotrodes or acoustic horns using applied electrical energy. Ultrasonic
wave frequency generally ranges from 20 to 40 kHz and produces high shear force
and mechanical effects (Fig. 7.4c). Different applications and purpose of ultrasound
used in food processing include uniform heat transfer in freezing or crystallization,
improved drying, increasing mass transfer in marinating or pickling, degassing of
liquid foods, enhanced filtration, and vibrations in demolding, defoaming, oxidation,
and homogenization. In addition, ultrasonication is also used in the preparation of
oil-in-water emulsions. The purpose of using ultrasound in emulsification is to
reduce the size of droplet uniformly within a narrow size distribution using acoustic
cavitation phenomenon. The effectiveness of ultrasound-assisted emulsion depends
on several process variables such as biopolymer concentration, sonication time, and
sonication power (Abbas et al. 2014).

Ultrasound-assisted patterning of emulsions causes overprocessing problem at
higher-energy density, resulting in increase in droplet size. In other words, the
intensity of ultrasonication is a function of operation time and power, while the
intensity increases the rate of droplet breakage in the dispersion medium. Neverthe-
less, a similar effect can be observed at less emulsifier concentration and if the
emulsifier is not able to adsorb quickly at the new droplet interface. Emulsifiers
promote the creation of interfacial film for reducing the surface tension. Hence,
emulsifier properties help in tailoring of emulsion encapsulation matrix with lower
droplet size assisted by ultrasound. However, there is lack of research studies
concerning sonication parameters’ influence on bioavailability and bioaccessibility
of carotenoids. This might be due to scale-up limitation of the technology in
encapsulation sector. In addition, ultrasonication is used only in fabrication of
nanostructures, where nanostructure property can be correlated with carotenoid
functionality and bioavailability in the GI tract (Abbas et al. 2014; Sari et al. 2015).

Spray Drying

Spray drying consists of four main stages, which include atomization, spray contact
with drying medium, evaporation, and separation of product from airflow
(Fig. 7.4b). Spray drying is commonly achieved by dissolving, dispersing, or
emulsifying the sensitive ingredients in an aqueous solution of coating material,
followed by atomization and spraying of the mixture into a drying chamber. The
droplet and drying medium (typically hot air) is contacted and the solvent is
evaporated; then the dried particles are separated in a cyclone from the humid air
and collected in powder form. Efficiency of encapsulation of bioactive substances by
spray drying is affected by a number of factors, including outlet and inlet air
temperatures, type of wall material, and drying time. Primarily, wall material should
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provide protection for the core material. This choice should be mainly based on the
physicochemical properties of a carrier material, such as solubility, molecular
weight, good film-forming properties, glass and melting transitions, diffusibility,
crystallinity, and emulsifying properties. This material should be also cheap, food
grade, bland in taste, and biodegradable. The disadvantage of this process is limita-
tion of carrier material and concentration of pigment. After encapsulation by the
spray drying process, particles with a spherical shape, usually with a lot of wrinkles
and dents, are obtained, but it also depends on the drying conditions and carrier
material. Wrinkles are usually formed on the surface of the particles due to shrinkage
during the spray drying process (Mahdavi et al. 2014). This is attributed to the fact
that at low inlet air temperatures, less water evaporated and the particles had more
time to shrink, while at higher inlet temperature, rapid evaporation could lead to
particle shrinkage (Rajabi et al. 2015). Particles of carotenoids have uniform particle
size, low bulk density, moisture content below 5–8%, and good thermal stability
(Kandansamy and Somasundaram 2012).

Spray drying of carotenoids is the most popular method for carotenoid protection.
Moreover, its simplicity and flexibility (different carrier agents, changes in drying
parameters) allow us to increase protection, yield, and encapsulation efficiency. The
most common wall materials used in preparation of spray-dried powders include
maltodextrin, gum arabic, and modified starch. Maltodextrin is a polysaccharide that
is used as a food additive; its properties vary depending on the extent of starch
hydrolysis. The disadvantages of these substances can include a lack of emulsifying
ability and the possibility of active components’ limited retention (Kandansamy and
Somasundaram 2012; Kha et al. 2010). The main advantage of gum arabic is its low
viscosity in aqueous solutions, which facilitates the encapsulation of many sub-
stances. Gum arabic forms very stable emulsions. When combined with maltodex-
trin, it results in better retention of encapsulated substances and better protection
against oxidation (Kandansamy and Somasundaram 2012; Özkan and Bilek 2014).
Moreover, gum arabic provides more resistance to structural deformation due to the
high permeability as the wall material. Modified starches possess low viscosity and
bale to use at a high concentration relative to the total emulsion. This high concen-
tration of the shell level in the emulsion reduces the possibility of loss of carotenoids
in the encapsulation by spray drying (Özkan and Bilek 2014). In addition, use of
combined carrier polymers can enhance the encapsulation efficiency. For instance,
combining whey protein and gum arabic enhanced the encapsulation of astaxanthin
oleoresin up to 70% in comparison with gum arabic mixed with maltodextrin
(Bustos-Garza et al. 2013). Spray drying as a microencapsulation method for
carotenoids is a good method for its protection. However, it has numerous limita-
tions, and there is no single set of optimal conditions for each carotenoid sample. It is
necessary to test each time the type and amount of carrier addition, inlet and outlet
temperature, feed flux, type of atomizer, and speed of spray disc, and what is more,
when a scale-up is needed, usually new tests are needed. Nevertheless, it allows one
to obtain a product with varying physical properties, through the use of drying
parameters, such as temperature, feed flux of raw material stream, and the concen-
tration of carrier solution. Moreover, the process is cheap and a good-quality product
is obtained.
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Alternatively, electrospraying is emerging as a promising technology for encap-
sulation of carotenoids as it allows processing at room temperature. In
electrospraying an electric field is used to reduce the particle diameter. When an
electric field is applied to a particle, a force called Coulomb force is generated inside
the particle, which competes with cohesion force; when it dominates over cohesive
force, a diminution in surface tension results in formation of nanoparticle (Pérez-
Masiá et al. 2015). Recently, emulsion-electrospraying technique was used to
encapsulate lycopene and compared performance of the obtained structures with
those obtained by spray drying. Their results showed that much higher encapsulation
efficiencies were obtained through electrospraying, due to the thermal degradation of
lycopene upon spray drying (Pérez-Masiá et al. 2015). β-Carotene has been studied
under electrospraying techniques and encapsulated within zein and whey protein
concentrate structures. Though the encapsulation efficiency was higher, emulsion
stabilizing polymers play a crucial role in efficiency and protection against thermal
degradation (Gómez-Mascaraque et al. 2017).

7.3.2 Patterning Based on Surface Functionalization

Nanopatterning entangles a wide range of surface modification strategies that are
essential in tailoring of nanoencapsulation matrices. The basic concept of patterning
based on surface functionalization is to make the nanoencapsulant surface active at
the intended places such as interface and shell surface. This section will emphasize
mainly surface modification techniques through interaction between bulk polymers
and encapsulating materials at monolayer level occurring at the interface.

Precipitation Techniques

In precipitation-based patterning approach, the active compound and polymer are
co-precipitated, generating fine nanoparticles of the functional compound impreg-
nated into polymeric matrices. In this technique release of active compound into
food matrix during storage or into the GI tract can occur by diffusion or degradation,
depending on the type of polymer used. Diffusion process takes place when the
solute passes through the polymer chain or pores. On the other hand, polymers may
degrade within the food matrix as a result of hydrolysis, resulting in release of
encapsulated active compound. However, in this case, polymer molecular mass and
chemical structure governs the degradation process. The supercritical CO2 acts as an
anti-solvent to reduce the solubility of the solutes in the mixture and causes super-
saturated precipitation of solutes in the form of nano- or microparticles. The phase
behavior of the involved system plays a crucial role in understanding the precipita-
tion mechanism, such as jet breakup, nucleation and growth kinetics, and mass
transfer, as well as in determining the most satisfactory operating conditions during
precipitation. It was observed that lecithin had provided better stability to precipitate
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lycopene (Cheng et al. 2017). In addition, the precipitation pressure presented a
positive effect on the mean particle size of β-carotene, whereas the anti-solvent flow
rate showed a negative effect on this variable (Franceschi et al. 2008).

Molecular Interaction

Molecular interaction-based patterning techniques include inclusion complex for-
mation, gelation, self-assemble, and cross-linking.

Inclusion Complex Formation The formation of inclusion complexes is limited by
the size, shape, and hydrophobicity of the guest molecules. It is not feasible to
include some bioactive compounds of interest in amylose complexes based on
current knowledge and techniques. For example, carotenoids such as β-carotene
and lycopene are highly conjugated long-chain isoprenoid micronutrients and have
very low solubility in a number of common solvents, e.g., water, dimethyl sulfoxide,
and ethanol. Their extremely low solubility limits their bioavailability and prohibits
the direct formation of amylose guest inclusion complexes, since a finite water or
DMSO solubility is generally required to transport the guest into the hydrophobic
core of the amylose helix (Kong et al. 2018). However, the effective encapsulation
depended on the emulsifying effect of the surfactants to dissolve β-carotene and
bring β-carotene molecules to the amylose crystalline phase (Kong et al. 2018; Kong
and Ziegler 2014).

Cyclodextrin molecules have demonstrated better host-guest molecule interaction
by formation of inclusion complex. Hydrophobic molecules can be complexed with
cyclodextrin to enhance the solubility in water-rich matrices (Celik et al. 2017;
Fernández-García and Pérez-Gálvez 2017; Lobo et al. 2017). The resultant
non-covalent host-guest or inclusion complexes are of present technological and
scientific interest for their unique chemical, biological, and physical tunable charac-
teristics. Such non-covalent associations can enhance the bioavailability, hydrophi-
licity, and stability of guest molecule, thereby modulating the sustained-release
mechanism (Lobo et al. 2017; Yuan et al. 2012). Chen et al. (2007) have described
preparation of astaxanthin with β-cyclodextrin; the formulated inclusion complex
exhibited better water solubility (<0.5 mg/mL) than that of un-complexed
astaxanthin itself. In addition, inclusion complex demonstrated more stability to
light and heat. In another study, by Yuan et al. (2008b), inclusion complex of
astaxanthin with hydroxypropyl-β-cyclodextrin using IR spectroscopy enhanced
the water solubility of complex >1.0 mg/mL, which is higher than (Chen et al.
2007) formulated inclusion complex. On the other hand, it was observed that the
assimilation efficiency of β-cyclodextrin inclusion complex of carotenoids increased
in comparison with carotenoid suspension in Tween. This particular observation
between the β-cyclodextrin complexed and the corresponding Tween suspension is
that, a priori, the maximum concentration of the guest compound is limited by its
solubility in suspension (Fernández-García et al. 2010).
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Gelation This nanopatterning technique utilizes the ability of polymers to generate
a gel network by thermal or ionic gelation. Pectin and alginate gelation induced
ionically by calcium ions is an example for ionic gelation (Soukoulis and Bohn
2018). A typical gelation-based patterning involves formulation of a biopolymer
solution and dissolving or dispersing them in the solution of functional molecules to
be encapsulated. Thus, the formed solution is dispersed in edible oil, thereby
producing water-in-oil emulsion in the presence of food-grade surfactant. Resultant
emulsion droplets are gelled with the assistance of salts (in case of ionic gelation) or
heat (in case of heat-induced gelation, matrix is cooled below gel temperature of
polymer that forms the encapsulation shell). After gelation process, gelled emulsion
droplets will be separated from oil followed by drying the gelled capsules to form a
free-flow powder.

In case of pectin-alginate gel network formation, an intermolecular interaction
zone between carboxyl groups of galacturonic acid or guluronate residue and
divalent cation provides the template for encapsulation of different functional
ingredients. However, salt-induced cross-linked pectin-alginate hydrogels exhibit a
heterogeneous structure due to clusters of ionically allied domains in the gel matrix
(Hoffman 2012). Therefore, reinforcement of pectin-alginate beds with other poly-
mer mixtures is essential. In addition, it is possible to encapsulate both hydrophilic
and lipophilic bioactive compounds using hydrogels formulated by ionic gelation of
emulsion (Belščak-Cvitanović et al. 2016). However, encapsulation efficiency of gel
matrix in hydrogels is not reliant on the particle size, but gelling material/biopolymer
combination decides the fate of functional molecule loading efficiency and protec-
tion in the GI tract. For instance, whey protein demonstrated the matrix compatibility
and enhanced the encapsulation efficiency of β-carotene in combination with algi-
nate. In addition, whey proteins impede the filler effect and preserved the morpho-
logical characteristics of dried beads (Belščak-Cvitanović et al. 2016). In a priori
knowledge, the egg-box structure of sodium alginate induced by interacting with Ca2
+ found wide technological applications in food packaging, coating, texturing,
restructuring, and encapsulation of enzymes, functional compounds, and living
cells (Banerjee and Bhattacharya 2012; Comaposada et al. 2015; De Prisco and
Mauriello 2016; Li and Nie 2016). Encapsulation of carotenoids in Ca2+-induced
sodium alginate gel matrix using emulsions as template ensures the chemical
stability and better bioavailability compared to that of carotene-rich fruits and
vegetables (Soukoulis et al. 2016).

Self-Assembly Biopolymers can assemble spontaneously onto other surfaces using
specific chemical interactions. In general, biopolymers contain a functional group
which has an affinity toward the surface to be improved. However, surface
functionalization is driven by the specific surface-molecule interaction boundaries.
In addition, the nature of bond formed between the modifier and surface helps in
mobility of molecules on the surface after adsorption by forming a structured
monolayer. Self-assembled molecules are stabilized by the intermolecular interac-
tions between the surface and molecules. These interactions along with surface
mobility permit functional molecules in low-coverage areas to migrate to a more

7 Nanoencapsulation of Food Carotenoids 225



ordered domain, resulting in formation of a homogenous encapsulation matrix.
Recently, micellar nanostructures formulated via self-assembly of biopolymers
have exhibited great potential as a nanodelivery vehicle for biomedical application
(Rösler et al. 2012).

In a recent study, nanomicelles were formulated via conjugation between linoleic
acid and hydroxyethyl cellulose through self-assembly to entrap β-carotene, which is
driven by the gain in entropy of solvent molecules (Guo et al. 2012; Yang et al.
2016). The fabricated nanomicelles exhibited the sustainable release and good
encapsulation efficiency (Yang et al. 2016). Jarunglumlert et al. (2015) studied the
encapsulation characteristics of aggregated casein and reassembled micelles
entrapped with β-carotene via lipophilic interactions. Aggregated and reassembled
caseins were fabricated by modulating the pH and addition of salt to sodium
caseinate solution, respectively. The result demonstrated the pH influence on encap-
sulation efficiency. However, both the nanostructures enhanced the storage stability
of β-carotene. On the other hand, reassembled casein micelles can also protect the
entrapped β-carotene from degradation process during baking, heating, and high-
pressure processing (Sáiz-Abajo et al. 2013).

Cross-Linking Cross-linking technique is used in the formulation of a
polysaccharide-protein complex. In this strategy, the droplets present in the encap-
sulated matrix are hardened by covalent cross-linking and are directly transformed to
the analogous capsules. The cross-linking process can be induced either using a
cross-linking agent or heat. Fabrication of cross-linked hydrogels has attracted
researchers due to their better degradation rate, mechanical strength, and swelling
properties. However, suspension cross-linking is an adaptable technique and can be
implemented for the entrapment of insoluble, soluble, solid, and liquid materials and
for the formulation of nanocapsules (Altunbas et al. 2011; Moffat and Marra 2004).
Genipin is a nontoxic natural cross-linking agent. Encapsulating bead prepared by
cross-linking κ-carrageenan and sodium carboxymethylcellulose using genipin
helped in the sustained release of β-carotene. This sustained-release mechanism is
beneficial for extending the residence time of functional molecules. However, the
release of β-carotene from beads reduced with the increase in genipin concentration.
Hence, it can be concluded that the release rate of β-carotene from a cross-linked
bead is the function of swelling ability of the matrix (Muhamad et al. 2011).

Electrostatic Deposition

Modifying an encapsulation surface with nanocoating of biopolymers can change
the characteristics of the interface. The nanolayer can impart physical or chemical
feature which is essential for the surface to protect the functional compound present
in the matrix (Tan et al. 2016). Electrostatic deposition is a non-covalent coating;
biomaterials are generally adsorbed on the surface of particles via weak molecular
interactions such as electrostatic interaction, hydrogen bonds, and hydrophobic
interactions. For instance, protein-based nanostructures possess amino acids and
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carboxyl groups that provide surface charges, whereas hydrophobic groups sit in the
core of protein-based nanostructures. Therefore, electrostatic interaction can be
applied between protein nanostructures by coating their surface with oppositely
charged biopolymers. On the other hand, emulsifier with a hydrophobic site at one
end and a hydrophilic site at the other end can non-covalently adsorb with hydro-
phobic groups of protein-based nanoparticles via hydrogen bonds and hydrophobic
interactions (Lohith Kumar and Sarkar 2017). As a result, the hydrophilic groups can
be exposed on the surface of protein-based nanoparticles. These non-covalent
coatings can alter the physical and chemical properties of protein-based
nanoparticles, which would stabilize nanoparticles in the gastrointestinal tract and
improve their uptake efficacy for better absorption of encapsulated phenolic
phytochemicals.

7.4 Designing Food Matrices for Nanoencapsulated
Carotenoids: Role of Excipients in Protection
of Carotenoids in the GI Tract

Designing food matrices specifically to enhance the efficacy of nutraceuticals may
be facilitated using excipients. Excipient foods, beverages, and ingredients are
intended to be co-consumed with foods rich in nutrients and nonessential, but
health-promoting, compounds that are poorly absorbed (Liu et al. 2016; Salvia-
Trujillo and McClements 2016a, b). Examples of such excipient foods proposed
include dressings, sauces, yogurt, ice cream, spreads, confectionaries, and bever-
ages. The increased bioavailability of carotenoids in a raw vegetable and fruit salad
when co-consumed with various oils, i.e., an excipient ingredient, supports the
concept that select excipients promote absorption. Incorporation of natural and
synthetic emulsifiers in foods represents another strategy for increasing the bioavail-
ability of dietary lipophilic microconstituents (Marze 2015).

Excipient foods and ingredients can increase the absorption of dietary carotenoids
and other lipophiles by facilitating one or more processes associated with the
bioaccessibility and bioavailability of fat-soluble microconstituents in the diet.
These include enhanced liberation from the food matrix, solubilization within lipid
droplets, digestion of bulk lipid to facilitate the formation of mixed micelles,
increased transit time within the gut, uptake from micelles by absorptive epithelial
cells, and stimulation of the assembly and secretion of chylomicrons into lymph.
Studies in model systems have shown that the impact of excipients on the
bioaccessibility of carotenoids is subject to modulation by various factors. For
example, the size of the oil droplets and types of oil (e.g., vegetable oil rich in
long-chain vs. medium-chain FA) have been reported to affect carotenoid
bioaccessibility during digestion of oil-in-water emulsifications (Liu et al. 2015;
Salvia-Trujillo and McClements 2016a, b; Zhang et al. 2016c).
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The efficacy of functional compounds present in dietary supplements, foods, or
drugs is principally being governed by their absorption kinetics in the GI tract. In the
transformation of the nutrient and bioactive molecules, its liberation during digestion
and absorption into cells strongly depends on the grafting carrier matrix. Thus, the
choice of a matrix and its interaction with bioactive molecule or nutrient is a key
issue. Additionally, this matrix may also serve added benefits preventing the loss of
the part or adverse interactions with inhibitors of absorption. In general, in many
health-promoting molecules, bioavailability is low in humans, which is attributed to
their poor absorption profile, susceptibility to degradation, and low bioaccessibility.
However, the pathways that govern the bioavailability of bioactive molecules are
multifaceted, which include liberation from ingested supplement, solubilization in
gastrointestinal fluids, and transport into or out of epithelial cells and/or chemical
transformations.

In addition, the components of food matrix might inhibit or favor the said
pathways of bioactive compounds during digestion. There are several approaches
such as utilization of colloidal systems that can be used to enhance this liberation and
solubilization of bioactive compounds. In this approach, a functional molecule is
solubilized in the oil phase and can be incorporated in the food matrix. On the other
hand, bioactive compounds might be left in their natural source such as vegetable or
fruits and co-ingested with specific formulation able to boost their efficacy. In this
context, excipient matrices can be used in enhancement of bioavailability of carot-
enoids; however, excipients might or might not have an inherent bioactivity them-
selves, but when they are co-ingested with other foods, they can boost the bioactivity
of any bioactive compound present.

There are examples that support the use of foods as excipients to increase the
absorption of carotenoids from plant foods rich in these pigments. As previously
mentioned, Kopec and colleagues found that co-consumption of fresh avocado, a
high-fat fruit, with a breakfast meal that included either high β-carotene tomato sauce
or raw baby carrots markedly increased provitamin A absorption and the production
and absorption of retinyl esters (Kopec et al. 2014). Similarly, addition of three
scrambled eggs to a carotenoid-rich, raw mixed-vegetable salad containing 3 g
canola oil also significantly increased the absorption of α- and β-carotenes, lycopene,
lutein, zeaxanthin, and α- and γ-tocopherols (Kim et al. 2015, 2016). Further
investigation of foods and beverages that may increase the absorption of carotenoids
from fruits and vegetables, such as whole milk (Xavier et al. 2014), yogurt, and ice
cream (Soukoulis and Bohn 2018), merits consideration.

Selected foods and ingredients may also diminish carotenoid solubility and
uptake. Preclinical studies suggest that citrus fruit flavanones may affect the
bioaccessibility and absorption of carotenoids. Boiled and pureed orange-fleshed
sweet potato (OFSP) was digested in vitro alone or with either pink or white
grapefruit juice. Addition of pink grapefruit juice decreased micellarization of both
all trans- and 13-cis-β-carotene in OFSP by approximately 35%, and micellarization
of these carotenoids was further suppressed in samples containing white grapefruit
juice (Poulaert et al. 2012). Additional experiments supported the likelihood that
naringin, the most abundant flavanone in grapefruit, was the predominant antagonist
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of the transfer of β-carotene into micelles. Intestinal cell uptake of β-carotene from
micelles generated during digestion of OFSP only and OFSP mixed with pink
grapefruit juice was similar. In contrast, uptake of both β-carotene and
β-cryptoxanthin from physiologically relevant mixed micelles by Caco-2 cells was
increased in the presence of 50-fold excess of hesperitin-aglycone, hesperitin-
glycone, and naringin (Claudie et al. 2013). Hesperidin also increased intestinal
activity of BCO1 in Mongolian gerbils fed a diet without β-carotene (Poulaert et al.
2012). These preliminary findings support the need for additional research evaluat-
ing the potential use of citrus fruits and beverages, as well as foods rich in other
classes of polyphenols, as excipients for enhancing the absorption and metabolism of
carotenoids.

Several groups have addressed the possible impact of minerals (calcium, magne-
sium, iron, zinc, and sodium) on the in vitro bioaccessibility of carotenoids (Eric
Biehler et al. 2011; Corte-Real Biehler et al. 2016). Mineral concentrations were
chosen to mimic levels achieved after consuming a meal containing minerals as well
as levels achieved after supplement intake. A concentration-dependent reduction in
micellarization of tested carotenoids was observed with calcium, iron, and zinc in
both studies. More recently, it was demonstrated that the addition of 500 mg calcium
carbonate to a complete meal containing tomato paste delivering 19 mg all trans-
lycopene decreased its bioavailability by 83% in healthy individuals (Borel et al.
2016). Parallel in vitro experiments revealed that micelle size and the extent of
incorporation of lycopene were not affected by calcium, but that the zeta potential
(electrical charge) of the mixed micelle was decreased by the divalent cation. It was
suggested that this reduction in zeta potential may adversely affect interaction of the
micelle with SR-B1 on the apical surface of the absorptive epithelium. Magnesium, at
high physiological concentrations, negatively affected the bioaccessibility of carot-
enoids from a spinach matrix in vitro, at two different concentrations of bile (1 or
8 mM) and pancreatin (100 and 900 mg/L) (Corte-Real et al. 2018). This suggests an
inhibitory effect of magnesium on carotenoid bioaccessibility over a range of differ-
ent digestive conditions, possibly more reflective of an in vivo adaptive situation.
However, the effect of magnesium was especially accentuated in the presence of low
bile concentrations (1 mM) and, to a lesser extent, at low concentrations of pancreatin
(100 mg/L), indicating that under such critical concentrations, the negative effect of
magnesium, and other divalent cations, is more pronounced. Although bile concen-
trations as low as 1 mM are not normally found in vivo in healthy subjects, we could
imagine this happening in, e.g., cholestasis, where fat-soluble micronutrient malab-
sorption is known to be an issue (Silva et al. 2015).

Carotenoids, such as zeaxanthin and lycopene, typically have a low
bioaccessibility in humans (Biehler and Bohn 2010). However, conversion of raw
tomatoes into paste matrix for the bioavailability of lycopene is enhanced due to
isomerization of trans-lycopene and cis-lycopene and also due to release from the
food matrix (Gärtner et al. 1997; Porrini et al. 1998). In addition, encapsulating
lycopene with whey proteins enhances its bioaccessibility to the same level as that of
tomato paste. In the same study, zeaxanthin bioavailability is enhanced threefold by
homogenizing with hot milk (Richelle et al. 2002). However, in general carotenoids
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such as lycopene are naturally entrapped in a crystalloid form within the chloroplast,
which impedes its liberation and solubilization in the GI tract, while treating the
excipients thermally can enhance the migration of carotenoids into the food matrix,
thereby increasing its bioaccessibility (Salvia-Trujillo and McClements 2016a, b;
Zhang et al. 2016a, c). The bioavailability of carotenoid when co-ingested with
excipients is also influenced by the ability of forming micelles through triglycerides
(Liu et al. 2015, 2016). This phenomenon was also confirmed in another study where
long-chain triglycerides greatly enhanced the β-carotene bioaccessibility in tablet
and soft gels compared to medium-chain triglycerides (Laura Salvia-Trujillo and
David Julian McClements 2016a, b). Nevertheless, rapid release of carotenoids
within gastrointestinal fluids may result in crystallization which would reduce their
bioaccessibility (Xia et al. 2015a). However, a proper delivery vehicle should
facilitate the solubilization of bioactive compounds without affecting the native
physicochemical properties of food matrix. Hence, the type of matrix and bioactive
compound would delineate the appropriate type of encapsulation matrix.

7.5 Factors Affecting Nanoencapsulation of Carotenoids

The composition of encapsulating matrix is one of the critical parameters in modu-
lating the structure and properties of carrier matrix. The properties of oil phase
including the viscosity, melting point, crystallization form, and hydrophilicity can
influence the stability of nanocarriers. The type of nutrient carrier oil phase will
regulate the loading capacity such as the crystal structure of the oil phase that hinders
the loading capacity of nutrients (Chen et al. 2013). For example, in case of multiple
nutrient encapsulations, if maximum nutrient loading capacity is reached, the excess
of nutrient molecule may be expelled from the matrix, resulting in chemical degrada-
tion and physical instability of the encapsulation matrix. Hence, oil phase screening
should be performed to conclude the most appropriate oil phase for the active
lipophilic ingredient to be incorporated in nano-lipid carriers. In addition, appropriate
surfactant and surfactant composition strongly affect both size distribution and particle
size. Thereby, high concentration of surfactant reduces the surface tension and
facilitates the particle partition during nanocarrier preparation (McClements 2015).

Utilization of biopolymers and mixed biopolymers for formulation of advanced
delivery vehicles or enhancement of existing encapsulation matrix and to enable
successive fortification process is a promising technique. In general, encapsulation
matrix comprises of one or more biopolymers in its composition. The physicochem-
ical properties of encapsulation matrix base (proteins, polysaccharides, and lipids) as
a function of extrinsic and intrinsic molecular key parameters such as concentration,
charge amount, size homogeneity, steric formation, pH, temperature, and ionic
strength within or between the base composition have been investigated in the past
few decades (Jones and McClements 2010). In addition to tailoring of encapsulation
matrix for specific feature, it is essential to take consideration of repulsive and
attractive forces involved in ingredient interactions. For instance, ingredient
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interaction specificity and strength are controlled by the presence of salts which
induces different attractive interactions. In addition, the magnitude of interaction
between food macromolecules is a result of different forces acting between their
subunits’ nearby macromolecular species (Joye and McClements 2014; McClements
et al. 2015). Therefore, intrinsic and extrinsic factors should be considered before
incorporating nanoencapsulated carotenoids into food matrices to minimize the loss
of carotene functionalities.

7.6 Bioavailability of Encapsulated Carotenoids: Influence
of Structural Barriers, Food Structure, and Dietary
Factors

Structural Barriers Carotenoids are found in different physical forms (crystals,
lipid-dissolved, or lipid crystalline) within the chromoplast substructure and are
surrounded by the organelle and cell membranes as well as the cell wall. Both
their physical state and location affect liberation from the food matrix. In addition,
chromoplast and cell wall structural constituents provide a barrier against carotenoid
release from the encapsulation matrix and micelle formation during digestion
(Jeffery et al. 2012a; Lemmens et al. 2009; Tydeman et al. 2010). For instance,
presence of polysaccharides in the cell wall hinders micelle formulation by encap-
sulating bile salts and lipids and impeding digestive enzyme interaction with func-
tional molecule for release and absorption. On the other hand, chromoplast structure
affects both bioaccessibility and stability of carotenoids by providing a stable
environment, resulting in incomplete release and solubilization (Palafox-Carlos
et al. 2011). In general intactness of the cell wall and chromoplast substructures
constituted an important barrier in carotenoid release; hence, it appears that cell
rupture is a prerequisite for carotenoid release and that carotenoids within intact cells
are inaccessible during upper gut digestion. Moreover, presence of a low-density cell
wall material and high concentration of large plant cells and plastoglobuli
(containing the carotenoids) favors carotenoid bioaccessibility (Jeffery et al.
2012a; Jeffery et al. 2012b). However, only few studies have correlated carotenoid
bioaccessibility to structural properties of the food matrix, for instance, carotenoid
bioaccessibility-pectin properties (Lemmens et al. 2009), carotenoid
bioaccessibility-microstructure (Bengtsson et al. 2010; Tydeman et al. 2010), carot-
enoid bioaccessibility-strength of fiber network (Colle et al. 2010), and carotenoid
bioaccessibility-particle diameter (Lemmens et al. 2010). These interpretations
clearly specify that differences in chromoplast substructure and cell wall constituents
in the matrix are major factors in defining carotenoid bioavailability.

Food Structure The bioavailability and bioaccessibility of encapsulated caroten-
oids are strongly governed by the concentration and solubility of carotenoids
consumed. For instance, due to dissimilarity in molecular hydrophobicity, nonpolar
carotenoids present only with triacylglycerol core of oil phase which lacks in
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generation of micelles, whereas polar carotenoids such as xanthophylls located
mainly in the lipid surface of oil droplets can be easily converted into micelles and
solubilize the encapsulated nutrients (Rao et al. 2013; Tan et al. 2014c; Xia et al.
2015a, b). This property delivers a relatively high solubility to nonpolar xantho-
phylls in the bile lipid micelles and increases the bioaccessibility and bioavailability.
Enhancing the bioavailability of functional molecules in food matrices is the funda-
mental objective to increase their bioefficacy. The bioactivity of nanoencapsulated
carotenoids largely depends on the size, nature, and shape of the encapsulating
matrix (Qian et al. 2012b). Carotenoid bioavailability and the dietary factors affect-
ing it, including processing, and structural barriers are discussed in this section. As
contextual information, existing understanding of absorption, metabolism, and
transport of carotenoids in the body is explained. The physicochemical characteris-
tics of encapsulated carotenoids in in vitro studies deliver valuable insights; how-
ever, these properties in vivo are influenced by various factors other than their basic
chemical properties, comprising interactions with surrounding molecules in their
microenvironment and may be significantly different from those of free carotenoids.
Thus, extrapolations of in vitro results to in vivo conditions should be done with
caution (Arunkumar et al. 2013). In addition, the bioavailability of carotenoids in
food preparations varies widely; only about 5% of the total carotenoids in whole raw
vegetables are absorbed by the intestinal cells, whereas 50% or more of the carot-
enoids are absorbed from micellar solutions. Therefore, the physical form in which
the carotenoid is accessible to intestinal mucosal cells is of critical importance (Saini
et al. 2015; Santos and Meireles 2010).

Dietary Factors Nanoencapsulated carotenoids must be absorbed from the intesti-
nal cells, followed by circulation in the bloodstream and delivery to target tissues.
Bioavailability of nanoencapsulated carotenoids refers to the fraction of ingested
carotenoid that is absorbed and becomes available for storage in the human body or
utilization in normal physiological functions (Xia et al. 2015a, b). It is evident from
experimental studies that co-ingestion of dietary carotenoids and fat can enhance the
bioavailability significantly. This phenomenon is attributed to the fact that solubili-
zation of carotenoid in dietary fat can stimulate provitamin A conversion and retinyl
ester digestion through stimulating secretion of bile salts and pancreatic enzymes
which helps in the formation of mixed lipid micelles. In addition, dietary fats provide
monoglycerides, free fatty acids, and lysophospholipids, serving themselves as
components of lipid micelles. Finally, dietary fat co-ingestion with carotenoids
stimulates carotenoid and vitamin A absorption by providing the lipid components
for intestinal chylomicron assembly (Shafaa et al. 2007).

The in vivo intestinal absorption of encapsulated carotenoids comprises steps:
release of encapsulated carotenoids from the food matrix, formation of mixed lipid
micelles and solubilization in the lumen, cellular uptake of released carotenoids by
mucosal cells, entrapment of absorbed carotenoids from the chylomicrons, and
finally secretion of carotenoids and their associated metabolites into the lymph
(Shafaa et al. 2007). In the process of carotenoid absorption, basic aspects such as
nature of intracellular and luminal factors governing absorption process, absolute
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absorption efficiency of individual carotenoids, mechanism of intracellular uptake,
and transport followed by entrapment into chylomicrons still remain unclarified in
the field of science. In addition, it is evident that not only chemical structure of
carotenoids but also their isomeric configuration can also influence their absorption.
For instance, in tomato 95% of lycopene exist as all-trans isomer, whereas in human
plasma, 50% is present in cis-isomer form. But in the gastrointestinal tract due to
isomerization bioavailability, cis-isomers of lycopene will enhance and help in
crossing the intestinal wall (Richelle et al. 2012).

In the human body, very-low-density lipoproteins are major transporters for free
carotenoids, and subsequently, low-density lipoproteins demonstrate maximum
concentration of carotenoids in the plasma. Hydrocarbon carotenoids, such as
lycopene and α- and β-carotene, are principally positioned in low-density lipopro-
teins, whereas xanthophylls such as zeaxanthin and lutein are predominantly located
in high-density lipoproteins (Saini et al. 2015). Thus, the distribution of food
carotenoids among plasma lipoproteins is closely similar to that of cholesterol. In
addition, in specific cases, bioavailability of active ingredients can be enhanced or
inhibited. Bioactive compounds may interact with each other or their surrounding
medium, resulting in the alteration of bioavailability. Enhancers can make a nutrient
soluble or prevent their reaction with inhibitors. For instance, as carotenoids are
lipophilic, adding minute amounts of dietary fat will result in the improvement of
their bioavailability. Inhibitors obstruct nutrient absorption via lowering the solubil-
ity and covering the nutrient by binding it to other elements (Noviendri et al. 2011;
Santos and Meireles 2010). This phenomenon can be understood based on
co-encapsulation strategy used to obtain a synergistic effect between two or more
nutraceutical compounds.

Dietary triglyceride enhances carotenoid absorption. For instance, presence of
lipid in food matrix promotes the bioavailability of both esterified (Roodenburg
et al. 2000) and free lutein (Unlu et al. 2005). In addition, consumption of raw
vegetables together with cooked whole eggs increases the bioavailability of zea-
xanthin, lutein, lycopene, and α- and β- carotene by three- to eightfold (Kim et al.
2015). Similarly, ingesting of avocado with raw carrot or tomatoes has been
demonstrated to increase the bioavailability of β-carotene and its conversion effi-
ciency to vitamin A (Kopec et al. 2014). Dietary fibers could affect carotenoid
absorption by several mechanisms: by sequestering micelle components (Eastwood
and Mowbray 1976); by inhibiting pancreatic lipase (Hansen 1987), which would
decrease carotenoid extraction from lipid droplets (Tyssandier et al. 2001); and by
increasing the viscosity of the intestinal content (Gallaher et al. 1993), which would
impair the diffusion of carotenoid-rich micelles toward the brush border. In addi-
tion, polysaccharide coating such as xanthan gum can hinder the bioaccessibility of
β-carotene even at a higher rate of lipid digestion, indicating more
monoacylglycerol and free fatty acid formation in small intestinal phase. However,
addition of xanthan gum protected the protein-coated lipid droplets by reinforcing
the structure to gel network (Park et al. 2018). It is hypothesized that micronutrients
can compete with carotenoids regarding their incorporation into mixed micelle and
absorption. However, the effect of such competition on long-term carotenoid status
is not yet certain (Desmarchelier and Borel 2017).
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7.7 Co-encapsulation of Carotenoids with Other Functional
Ingredients

It is logical to hypothesize that competition would be observed when multiple
carotenoids are co-consumed, as the processes of release from foods, micellarization,
and uptake are presumed to be the same. Co-encapsulation is an emerging technol-
ogy in functional food ingredient encapsulation. There are only few technologies
available for co-delivery or co-encapsulation of functional ingredients such as
double emulsions and clustered emulsions. The main advantage of
co-encapsulation technique is we can deliver two or more nutraceuticals in a single
matrix to functional foods, while co-delivering the nutrients, they can show syner-
gistic effect. For instance, double emulsion encapsulation of hydrophobic curcumin
and hydrophilic catechin showed a synergistic effect between components and
resulted in enhanced stability and bioaccessibility (Aditya et al. 2015). In another
study, niosomal formulation of α-tocopherol-curcumin and resveratrol-curcumin
co-encapsulation enhanced the radical scavenging ability up to 100% and 40%,
respectively (Tavanoet al. 2014b). In a similar study conducted with Tween
60, niosomes containing antioxidants (gallic acid, ascorbic acid, curcumin and
quercetin) as single or combination resulted in a synergistic effect between gallic
acid-curcumin and ascorbic acid-quercetin molecule co-encapsulation. This result
clearly indicates that co-encapsulation of lipophilic and hydrophilic functional
molecules can be the future promising novel strategy for nutrient delivery (Tavano
et al. 2014a). Brito-Oliveira et al. (2017) studied the co-encapsulation of β-carotene
and α-tocopherol in solid lipid microparticles produced with palm stearin and
stabilized with hydrolyzed soy protein isolate. They observed that
co-encapsulation hindered the degradation rate of β-carotene, and it also prevented
the expulsion of functional ingredients during solidification process. In addition,
co-encapsulation of astaxanthin with α-tocotrienol in the same liposomal membranes
can produce hydrogen bonding of α-tocotrienol with astaxanthin and the
intermolecular interaction between the astaxanthin polyene chain and the
α-tocotrienol that promotes synergistic antioxidative activity of these compounds
toward single oxygen and hydroxyl radicals (Kamezaki et al. 2016). In another
study, different fish oil-based lipid nanocarriers with various lutein loadings were
formulated, and their physicochemical properties were investigated in detail. The
in vitro characterization of lutein-lipid nanocarriers has shown that the fish oil plays
important roles in improving the antioxidant capacity. The free- and lutein-loaded
nano-lipid carriers have demonstrated the ability to develop a high blocking effect,
with a potential to scavenge up to 98% the oxygen free radicals generated into the
chemiluminescence system. Most importantly, this comparative study is associated
with the main feature of synthesized fish oil-based lipid nanocarriers to exhibit a
better in vitro sustained release of lutein as compared to their related nanoemulsions
(Lacatusu et al. 2013). Recently, Sotomayor-Gerding et al. (2016) studied the
co-delivery of polyunsaturated fatty acid-rich linseed oil and carotenoids (lycopene
and astaxanthin) to enhance carotenoid bioaccessibility and oxidative stability of
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linseed oil. It was observed that lycopene and astaxanthin demonstrated an additive
effect and synergistic effect higher (>22�) than synthetic antioxidants.

7.8 Conclusion

Being in the nascent stages of development, nanoencapsulation has a wide spectrum
of applications in food industry. It has been proven that there is an increasing interest
for the nanoencapsulation of functional molecules such as carotenoids. An overview
of carotenoid chemistry, potential application at nanoscale, combined delivery, and
their bioavailability has been provided. As it has been seen, factors associated with
bioaccessibility of encapsulated carotenoids such as structural barriers in food (cell
wall integrity, matrix, and bio-encapsulation), thermal processing, and addition of
dietary fat are essential in determining bioavailability. Hence, in-depth interrelated
research studies are essential in recognizing the favorable factors to increase the
bioavailability of encapsulated carotenoids from different delivery vehicles.
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Abstract New emerging technologies are often applied to improve the yield and
quality of crops. Recent advancement in science and technology in the field of
agricultural research has led to create unique properties targeted toward specific
application in crop improvement. Nano-agriculture involves the employment of
nanoparticles in agriculture. The emergence of nanotechnology and the development
of nanodevices and nanomaterials can boost agricultural production by enhanced
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reactivity due to enhanced solubility, greater proportion of surface atoms relative to
the interior of structure, unique magnetic/optical properties, electronic states, and
catalytic reactivity that differ from equivalent bulk materials. These materials would
release pesticides or fertilizers at a specific time and targeted location. Nanoparticles
tagged to agrochemicals or other substances could reduce the damage to other plant
tissues and the amount of chemical released into the environment. Between 1961 and
1999, global production outstripped population growth, but this was achieved partly
through a 12% increase in the global area of cropland and a 10% increase in the area
of permanent posture. During the same period, the overall productivity grew to
106%; however, this was linked to a 97% rise in the area of land under irrigation and
638%, 203%, and 854% increases, respectively, in the use of nitrogenous and
phosphate fertilizers and production of pesticides. The situation could be gauged
from data for the irrigated farming regions of the country, where the return of grain
yield per kilogram of nutrient use was reduced from 13.4 kg in 1970 to 3.7 kg in
2015. The positive morphological effects of nanomaterials include enhanced germi-
nation percent and rate, whole plant architecture including root and shoot length and
their ratio, biomass of seedlings, and harvest index of the plants. Application of
nanomaterials in agricultural research holds the promise of controlled release of
agrochemicals and site-targeted delivery of various useful macromolecules needed
for improved plant disease resistance, efficient utilization of nutrients, and enhanced
plant growth.

Keywords Agriculture · Nanomaterials · Nanoparticles · Nanosensor · Smart
delivery system

8.1 Introduction

The world’s population is increasing at an alarming rate and is expected to reach
eight billion people by 2025 and nine billion by the end of that year, and it is widely
recognized that global agricultural productivity must increase to feed a rapidly
growing population (Sekhon 2014). Population growth and the resultant develop-
ment of large high-density urban populations, together with parallel global industri-
alization, have placed major pressures on our environment, potentially threatening
environmental sustainability and food security. This has resulted in global warming
and the buildup of chemical and biological contaminants throughout the biosphere,
but most notably in soils and sediments (Yazdani et al. 2007). Agriculture is the
backbone of most of the developing countries. The agricultural sector is facing
various global challenges, environmental issues, urbanization, sustainable use of
resources, and accumulation of pesticides and fertilizers. Many countries including
India have identified the potential of nanotechnology in the field of agriculture such
as precision farming, smart delivery systems, food industry, food processing, pack-
aging, food safety, etc. Traditional farming techniques have attained saturation and
are neither able to increase the productivity nor able to restore ecosystem damaged
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by existing technologies (Tripathi et al. 2018). Nanotechnology has the potential to
revolutionize the agriculture with new tools for the rapid disease detection and their
treatments, enhancing the ability of plants to absorb nutrients, increasing the effi-
ciency of pesticides and weedicides. Nanotechnology is recognized by the European
Commission as one of its six “Key Enabling Technologies” that contribute to
sustainable competitiveness and growth in several industrial sectors. The current
challenges of sustainability, food security, and climate change are engaging
researchers in exploring the field of nanotechnology as a new source of key
improvements for the agricultural sector. On the one hand, industry experts stress
that agricultural nanotechnology does not demonstrate a sufficient economic return
to counterbalance the high initial production investments (Parisi et al. 2015). In
contrary, nanotechnology provides new agrochemical agents and new delivery
mechanisms to improve crop productivity, and it promises to reduce pesticide use.
Nanosensors/nanobiosensors have been applied in crop protection for the identifi-
cation of disease and residues of agrochemicals, as well as nanodevices for the
genetic manipulation of plants, plant disease diagnostics, animal health, and animal
breeding. Precision farming technique could further improve yields without affect-
ing soil and water, reduce nitrogen loss due to leaching and emission, and enhance
nutrients’ long-term incorporation by soil microbes.

The new chemical and/or physical properties of nanoscale particles provide
useful function that are being rapidly exploited in crop improvement, plant biotech-
nology, genetic engineering, nanofertilizer production, nanopesticide formulations,
postharvest management, etc. These promising developments in agricultural sectors
strongly need continuous innovations for increasing global food security and climate
change challenges (Parisi et al. 2015). Nanomaterials are also used in nanoparticle-
mediated gene or DNA transfer into plants for the development of resistant cultivars,
crop improvement, food processing and storage, and nano-feed additives and
increasing a product’s shelf-life (Sekhon 2014). Nanomaterials are used in agricul-
tural products across the supply chain including in (i) chemicals and fertilizers,
(ii) feed and supplements for farm animals, (iii) machinery, and storage facilities.

The development of nanotechnology in conjugation with biotechnology has
significantly expanded the application domain of nanomaterials in various fields of
agricultural products. A variety of carbon-based, metal, and metal oxide
nanomaterials (Nair et al. 2010) are being developed. Types include single-walled
and multi-walled carbon nanotubes (SWCNT/MWCNT), magnetized iron
(Fe) nanoparticles, aluminum (Al), copper (Cu), gold (Au), silver (Ag), silica (Si),
zinc (Zn), nanoparticles and nanooxide (ZnO), titanium dioxide (TiO2), and cerium
oxide (Ce2O3). General applications of these materials are found in water purifica-
tion, wastewater treatment, environmental remediation, and food processing and
packaging (Qureshi et al. 2009; Lee et al. 2010; Zambrano-Zaragoza et al. 2011;
Bradley et al. 2011; Khot et al. 2012). The majority of applications in these areas
have focused on the significance of nanomaterials for improving efficiency and
productivity. These materials are also used in agricultural production and crop
protection (Bouwmeester et al. 2009; Nair et al. 2010; Sharon et al. 2010; Emamifar
et al. 2010; Khot et al. 2012).
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8.2 Nanomaterials

Any form of a material that has one or more dimensions in the nanoscale is known as
nanomaterial. The materials that are lesser than 100 nm in, at least, one dimension
are referred to as nanomaterials. Hence, nanoparticles can be zero-dimensional (all
dimensions are at nanoscales), one-dimensional (fine rod-shaped), two-dimensional
(ultrathin films), or three-dimensional (of any shape) based on their manipulation of
matter (Bernhardt et al. 2008). Nair et al. (2010) reviewed that during the last two
decades, a significant amount of research has been conducted in nanotechnology
focusing on their applications in electronics, energy, medicine, and life sciences
including plant sciences.

8.2.1 Natural Nanoparticle/Organic Nanomaterials

Naturally occurring nanoparticles (such as nanoclay, tomato carotenoid lycopene,
materials derived from soil organic matter, lipoprotein, exosomes, magnetosomes,
viruses, and ferritin) have diverse structures with wide-ranging biological roles.
They are often biocompatible and have reproducible structures.

8.2.2 Inorganic Nanomaterials

Among inorganic materials, metal oxide nanoparticles such as ZnO, AgO, TiO2, and
MgO, photocatalytic (ZnO, TiO2) and microbiocidal (MgO and AgO), are used for
pesticide detection and degradation. Organic materials such as carbon nanotubes,
lipids, and polymers are versatile and have multiple applications in agricultural
industries. Engineered nanoparticles can be categorized into five types like carbon-
based NPs, metal-based NPs, magnetic nanoparticles, dendrimers, and composite
nanoparticles. Carbon-based nanoparticles include fullerene (C70), fullerol
(C60(OH)20), single-walled carbon nanotubes (SWCNTs), multi-walled carbon
nanotubes (MWCNTs), and single-walled carbon nanohorns (SWCNHs), while
metal-based nanoparticles include gold (Au)-, silver (Ag)-, copper (Cu)-, and iron
(Fe)-based nanomaterials. In addition, the different types of metal oxide-based
nanoparticles like TiO2, CeO2, FeO, Al2O3, and ZnO are extensively studied in
agriculture and medical sciences. Magnetic nanoparticles can be manipulated using a
magnetic field, and such particles commonly consist of iron, cobalt, and nickel and
their compounds. Among the different magnetic nanoparticles, when ferrite (an iron
oxide (Fe2O3)) particles become smaller than 128 nm, they become
superparamagnetic. The techniques for making nanoparticles involved either a
top-down approach or a bottom-up approach. In the top-down approach, size
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reduction is achieved by various chemical and physical treatments such as milling,
high-pressure homogenization, and sonication, while in bottom-up synthesis, the
nanostructured building blocks of nanoparticles are formed first and then assembled
to produce the final particle.

8.3 Applications of Nanomaterials in Agricultural
Production and Protection

8.3.1 Seed Science and Technology

Seed is the most important input determining crop productivity. Use of
nanomolecules may improve the germination and seedling vigor of the crops. A
group of researchers is working on use of metal oxide nanoparticles and carbon
nanotube to improve the germination under rainfed condition. Khodakovskaya et al.
(2009) reported the use of carbon nanotube for improving germination of tomato
seeds through better permeation of moisture. Results indicated that the carbon
nanotubes serve as a tool to increase water permeability by penetration of seed
coat and act as passage to channelize the water from the substrate into the seeds and
facilitate seed germination, which can be exploited in rainfed agriculture ecosystem.
In recent years, various researchers have studied the effects of nanomaterials on plant
germination and growth with a goal to promote its use for agricultural applications.
Lu et al. (2002) observed that SiO2 and TiO2 nanoparticles positively impact seed
germination in soybean and spinach by increasing nitrate reductase and enhancing
the uptake and utilization of water and nutrients. Zheng et al. (2005) studied the
effects of nano- and nao-nano-TiO2 on the growth of naturally aged spinach seeds. It
was reported that nano-TiO2-treated seed produced plants that had 73% more dry
weight, three times higher photosynthetic rate, and 45% increase in chlorophyll
formation compared to control. Lin and Xing (2007) evaluated phytotoxicity of
nanomaterials (MWCNTs, Al2O3, ZnO, Al, and Zn) and its impact on germination
rates in radish, rape canola, ryegrass, lettuce, corn, and cucumber. They conferred
the hypothesis that the higher concentrations (2000 mg/L) of nano-sized Zn (35) and
ZnO (20 nm) inhibited the germination in ryegrass and corn, respectively.
Suriyaprabha et al. (2012) studied that better nutrient availability to maize seeds
on supplementation with SiO2 nanoparticles expresses positive effects on the ger-
mination rate. Siddiqui and Al-Whaibi (2014) reported that silica nanoparticles
(SiO2 NPs) at relatively lower concentrations improved seed germination in tomato.

Upadhyaya et al. (2015) reported that zinc nanoparticles showed significant
physiological effect on rice. Zn nanoparticles promote plant growth by increasing
more length, biomass, and relative water contact in root and shoot of Zn
nanoparticle-treated plants relative to control. Beneficial effects of lower concentra-
tions of zinc oxide nanoparticles on seed germination have been observed in a
variety of plant species as peanut (Prasad et al. 2012), soybean (Sedghi et al.
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2013), onion (Raskar and Laware 2014), and wheat (Ramesh et al. 2014). ZnO
nanoparticles showed differential effects when tested on cucumber, alfalfa, and
tomato, with only the former exhibiting enhancement in germination as reported
by De la Rosa et al. (2013). Ibrahim, E. A (2016) reported seed priming as a
technique that partially hydrates seeds in natural or synthetic compounds under
specific environment to a point where germination-related metabolic processes
begin, but radicle emergence does not occur. Seed priming has been found to be
useful for enhancing seed quality, seedling establishment, and crop yields as well as
increasing tolerance to environmental stresses. Seed priming can improve the ger-
mination of weak, damaged, or aged seeds or even under adverse environment. Horii
et al. (2007) and Hussain et al. (2015) studied a number of commonly used priming
agents including polyethylene glycol, inorganic salts, nutrients, and plain water.
However, different priming solutions have different properties and effectiveness,
and optimization of priming agents is required for each crop species. Therefore, there
is a growing need to develop new priming agents to enhance seed germination of
various crop plants. Chen and Arora (2013) reported that in commercial agriculture,
rapid and uniform seed germination and seedling emergence are important determi-
nants of successful stand establishment. Germination begins with water uptake by
the mature dry seed (imbibition) and terminates with the elongation of the embryonic
axis, usually the radicle, through the seed envelope, which has, as a consequence, the
protrusion of the root and later of the shoot. Mahakham et al. (2017) reviewed that in
recent years, several metal-based nanoparticles (e.g., AgNPs, AuNPs, CuNPs,
FeNPs, FeS2NPs, TiO2NPs, ZnNPs, ZnONPs) and carbon-based NPs (e.g., fullerene
and carbon nanotubes) have been used as seed pretreatment agents for promoting
seed germination, seedling growth, and stress tolerance in some crop plants. Among
these studies, only a few researchers have used the seed priming strategy, in which
seeds must be re-dried to their original moisture content before sowing. Thus, the
mechanism behind seed nanopriming would be different from that of pre-sowing
seed treatment without drying seeds.

Nonetheless, future research on nanomaterials for plant germination and growth
should address some of the following challenges as reported by Nair et al. (2010):
(1) unpredictability in reaction of nanomaterials to different plants, (2) phytotoxicity
due to higher concentrations, and (3) reduced intake and photosynthesis of plant due
to larger nanomaterials (Table 8.1).

8.3.2 Crop Improvement

Nanotechnology has also shown its ability in modifying the genetic constitution of
crop plants, thereby helping in further improvement of crop plants. Mutations – both
natural and induced – have long since played an important role in crop improvement.
Instead of using certain chemical compounds like EMS and MMS and physical
mutagens like X-ray, gamma ray, etc. for conventional induced mutation studies,
nanomolecules showed a new dimension in mutation research. A variety of
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Table 8.1 List of nanoparticles used to study the effect of growth attributes of crop plants

Nanoparticles used
in the study Crop plant

Effect on growth
parameters References

MWCNTs Wheat Root growth (+ve) Wang et al.
(2012)

Co3O4 Radish Root elongation (+ve) Wu et al. (2012)

CNTs Wheat Root growth (+ve) Wang et al.
(2012)

Zn Radish, rape seed, rye, let-
tuce, corn, cucumber

Root length (�ve) Lin and Xing
(2007)

MWCNTs Rye Root length (+ve) Lin and Xing
(2007)

ZnO Radish, rape seed, rye, let-
tuce, corn, cucumber

Root growth (�ve) Lin and Xing
(2007)

Cu Wheat Root (�ve) Lee et al. (2008)

Al2O3 Corn, cucumber, cucumber,
carrot, cabbage

Root growth (�ve);
Root length (�ve)

Yang and Watts
(2005)

CNTs Tomato Reduction in root Canas et al.
(2008)

ZnO Corn Root growth (�ve) Stampoulis et al.
(2009)

Ag Rice Shoot growth (�ve) Mirzajani et al.
(2013)

ZnO Cluster bean Shoot growth (+ve) Raliya and
Tarafdar (2013)

CeO2 Corn, alfalfa, soybean Shoot growth (+ve) Lopez-Moreno
et al. (2010)

SiO2 + TiO2 Soybean Shoot growth (+ve) Lu et al. (2002)

ZnO Peanut Root growth (+ve) Prasad et al.
(2012)

Cu Mung bean (Vigna radiata) Shoot growth (�ve) Lee et al. (2008)

CNTs Tomato Seedling growth (+ve) Morla et al.
(2011)

Ag Barley, flax, rye Shoot length (�ve) El-Temsah and
Joner (2010)

MWCNTs Tobacco Growth rate (+ve) Khodakovskaya
et al. (2012)

SiO2 Maize Growth parameters
(+ve)

Suriyaprabha
et al. (2012)

TiO2 Wheat Root elongation (+ve) Larue et al.
(2012)

CNTs Alfalfa, wheat Root elongation (+ve) Miralles et al.
(2012)

SWCNTs Onion, cucumber Root elongation (+ve) Canas et al.
(2008)

TiO2 Spinach Plant growth (+ve) Yang et al.
(2006)

CNTs Indian mustard, mung bean Seedling growth (+ve) Mondal et al.
(2011)

SiO2 and TiO2 Soybean Plant growth (+ve) Lu et al. (2002)
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nanomaterials, mostly metal-based nanomaterials and carbon-based nanomaterials,
have been exploited for their absorption, translocation, accumulation, and effects on
growth and development of crop plants (Nair et al. (2010); Rico et al. (2011). The
positive morphological effects included enhanced germination percentage and rate,
length of root and shoot, their ratio, and vegetative biomass of seedlings in many
crop plants, including corn, wheat, ryegrass, alfalfa, soybean, rape, tomato, radish,
lettuce, spinach, onion, pumpkin, cucumber, etc. Agrawal and Rathore (2014)
reported the enhancement of photosynthetic activity and nitrogen metabolism by
metal-based nanomaterials in a few crops including soybean: magnetic nanoparticles
coated with tetramethylammonium hydroxide led to an increase in chlorophyll-a
level in maize. In Thailand, Chiang Mai University’s Nuclear Physics Laboratory
has come up with a new white-grained rice variety from a traditional purple-colored
rice variety called Khao Kam through the usage of nanomolecule by drilling a nano-
sized hole through the wall and membrane of a rice cell in order to insert a nitrogen
atom. The hole is drilled using a particle beam, and the nitrogen atom is shot through
the hole to stimulate rearrangement of the rice’s DNA. This newly derived organism
through the change at the atomic level is designated as “atomically modified
organisms” (Mishra et al. 2013).

8.3.3 Crop Biotechnology

Chemists have successfully crafted three-dimensional molecular structures, a break-
through that unites biotechnology and nanotechnology. They made DNA crystals by
producing synthetic DNA sequences that can self-assemble into a series of three-
dimensional triangle-like patterns. The DNA crystals have “sticky ends” or small
cohesive sequences that can attach to another molecule in an organized fashion.
When multiple helices are attached through single-stranded sticky ends, there would
be a latticelike structure that extends in six different directions, forming a three-
dimensional crystal. This technique could be applied in improving important crops
by organizing and linking carbohydrates, lipids, proteins, and nucleic acids to these
crystals. Use of nano-sized materials as systems for delivery of genetic material into
living cells is a new and promising approach. Nanoparticles can serve as “magic
bullets,” containing herbicides, chemicals, or genes, which target particular plant
parts to release their content. Nanocapsules can enable effective penetration of
herbicides through cuticles and tissues, allowing slow and constant release of the
active substances. Recent data showed that carbon-based, metal-based, composite,
and polymer nanoparticles have a potential to carry nucleic acids into plant cells. The
unique ability of nanomaterials to penetrate plant cell wall and move inside the cell
in a fast manner can open ways for improvement of a number of transformation
techniques including particle bombardment. However, experimental attempts to use
nanomaterials as carries of DNA/RNA in planta are rare. Chemists at the Iowa State
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University have utilized a 3 nm mesoporous silica nanoparticle in delivering DNA
and chemicals into isolated plant cells. Mesoporous silica nanoparticles are chemi-
cally coated and serve as containers for the genes delivered into the plants. The
coating triggers the plant to take the particles through the cell walls, where the genes
are inserted and activated in a precise and controlled manner, without any toxic side
or aftereffects. This technique has been applied to introduce DNA successfully to
tobacco and corn plants (Mishra et al. 2013). The existence of cell wall is making
delivery of DNA and RNA into plant cells more difficult. Traditionally, the cell wall
barrier can be overcome in plants by removal of the cell wall (Ochatt 2013), infection
by Agrobacterium or through particle bombardment of cells (Taylor and Fauquet
2002). The advantages of the use of nanomaterials for plant transformation were
described by researchers led by Kan Wang and Victor S-Y Lin (Torney et al. 2007).
They demonstrated that mesoporous silica nanoparticle system (MSNS) was capable
of delivering DNA and chemicals into plant cells and plant leaves (Torney et al.
2007). Gold nanoparticles also may provide an attractive tool for delivery of proteins
and genes to living organisms. Such nanoparticles are biocompatible and can be
functionalized easily with different molecules. Nano-sized gold materials were
widely used for nucleic acid delivery in animal systems (Martin-Ortigosa et al.
2012a) Recently, Nima et al. (2014) reported the enhanced growth of tobacco cell
culture by successful delivery of growth regulator 2,4-D into cells using
plasmonically active nanorods based on gold cores and silver shells (Table 8.2).

Table 8.2 Examples of nanomaterials used in plant biotechnological research

Nanomaterials used for delivery Crop plant
Molecules
delivered References

Gold-plated mesoporous nanoparticle
system

Maize CRE-
recombinase
protein

Martin-Ortigosa
et al. (2014)

Single-walled carbon nanotubes
(SWCNTs)

Tobacco
protoplasts

DNA Liu et al. (2009)

Gold silica nanoparticle system
(Au-MSN), gold nanorods (NRs)

Onion epider-
mis tissue

DNA, proteins Martin-Ortigosa
et al. (2012b)

Mesoporous nanoparticle system
(MSNS)

Tobacco DNA and
chemicals

Torney et al.
(2007)

Gold nanorods (NRs) Tobacco
protoplasts

DNA Silva et al. (2010)

Gold functionalized silica nanoparticles
(Au-MSN)

Onion epider-
mis tissue

DNA Martin-Ortigosa
et al. (2012a)

Polymer nanoparticles (CPNs) Tobacco
protoplasts

siRNA Silva et al. (2010)

Nanorods with gold cores and silver
shells (AuNR-Ag)

Tobacco
callus

Growth regula-
tor 2,4-D

Nima et al. (2014)
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8.3.4 Plant Disease Diagnostics and Management

A need for detecting plant disease at an early stage so that tons of food can be
protected from the possible outbreak has tempted nanotechnologist to look for a
nanosolution for protecting the food and agriculture from bacteria, fungi, and viral
agents. Smart field system detects, locates, and reports on pathogens and then applies
pesticides and fertilizers as needed prior to the onset of symptoms (Bergeson 2010).
Intuitively, nanoparticles can be used as biomarkers or as a rapid diagnostic tool for
detection of bacterial, viral, and fungal plant pathogen (Boonham et al. 2008; Yao
et al. 2009; Chatuprayoon et al. 2010) in agriculture. Nanoparticle-based sensors
might offer improved detection limits in detecting viral pathogen in plants (Baac
et al. 2006; Khot et al. 2012). Nanoparticles can either be directly modified to utilize
in pathogen detection or used as a diagnostic tool to detect compounds responsible
for diseases. Nano-chips are types of microarrays that contain fluorescent oligo-
capture probes by which hybridization can be detected (Lopez et al. 2009). These
nano-chips are known for their sensitivity and specificity in detection of changes in
single nucleotide of viruses and bacteria (Lopez et al. 2009). Yao et al. (2009) used a
fluorescence silica nanoparticles in combination with antibody to detect
Xanthomonas axonopodis pv. vesicatoria that causes bacterial spot diseases in
solanaceous plants. Singh et al. (2010) used nano-gold-based immune sensors that
could detect Karnal bunt (Tilletia indica) in wheat using surface plasmon resonance.

Nanoscale materials serve as carriers and provide a broad chemical detection and
decision-making ability of self-regulation. These smart systems deliver precise
quantities of drugs or nutrients and agrochemicals required. These intelligent sys-
tems thus monitor and minimize the use of pesticides and antibiotics (Sharon et al.
2010). Nanotechnologies offer great opportunity to develop new products against
pests. Some of the nanoparticles used for controlling plant disease are nanoforms of
carbon, silver, silica, and aluminous silicates. Nanoparticles use their optical scat-
tering properties for imaging and diagnostics and their photothermal properties for
various types of therapies. The situation was improved by using active molecular
targeting with cell-specific molecules (peptides, antibodies) attached to
nanoparticles and coupling to cognate receptors at the membranes of specific
diseased cells (Lukianova et al. 2011).

Among the different diseases, the viral diseases are the most difficult to control, as
one has to stop the spread of the disease by the vectors. But once it starts showing its
symptoms, pesticide application would not be of much use. Therefore, detection of
exact stage, such as stage of viral DNA replication or the production of initial viral
protein, is the key to the success of control of diseases. Nano-based viral diagnostics,
including multiplexed diagnostic kit development, have taken momentum in order to
detect the exact strain of virus and stage of application of some therapeutic to stop
the disease. Detection and utilization of biomarkers that accurately indicate disease
stages is also a new area of research. Measuring differential protein production in
both healthy and diseased states leads to the identification of the development of
several proteins during the infection cycle. These nano-based diagnostic kits not
only increase the speed of detection but also increase the power of detection.
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Carbon Nanomaterials

Among the various engineered nanomaterials, carbon-based nanomaterials (such as
single-walled carbon nanotubes, multi-walled carbon nanotubes, buckyballs, graph-
eme, etc.) occupy a prominent position in various nanotechnology applications.
Increased used and exposure to carbon nanomaterials could cause environmental
concerns. Hence, it is extremely important to systematically study the effects that
carbon nanomaterials in plants occupy, a major component of the food chain.
Carbon nanofibers are used to strengthen natural fibers like those from coconuts
(Cocos nucifera) and sisal (Agave sisalana) and also for making nanoparticles that
contain pesticides and control their release (Mishra et al. 2013).

Nanosilver

Nanosilver particles are the most studied and utilized nanoparticle for biological
system having a high surface area and fraction of surface atoms. It has strong
inhibitory and bacterial effects as well as a broad spectrum of antimicrobial effects
that have been used to rid harmful microorganisms and pathogens. Biological
synthesis of nanoparticles in sizes ranging from 6 to 38 nm from white radish has
been documented. The effectiveness of silver nanoparticles is further enhanced by
applying them well before the penetration and colonization of fungal spores within
the plant tissues (Duhan et al. 2017). The in vitro and in vivo evaluations of the
antifungal action of both silver ions and nanoparticles on Bipolaris sorokiniana and
Magnaporthe grisea showed decreased disease development by phytopathogenic
fungi. Spherical-shaped silver nanoparticles in size range of 10–20 nm using culture
supernatant of Serratia sp. BHU-S4 and their efficacy for the management of spot
blotch disease exhibited strong antifungal activity against Bipolaris sorokiniana, the
spot blotch pathogen of wheat and rose powdery mildew caused by Sphaerotheca
pannosa var rosae. It is a common and widespread disease of both open field and
greenhouse causing leaf distortion, leaf curling, early defoliation, and reduced
flowering. Using double encapsulated nanosilver eliminates unwanted microorgan-
ism in planter soils and hydroponic system. It is being used as foliar spray to top
fungi, molds, rot, and several other plant diseases. Moreover, silver is an excellent
plant growth stimulator. The efficacy of silver nanoparticles in extending the vase
life of gerbera flowers was also studied, and the results showed inhibited microbial
growth and reduced vascular blockage which increased the water uptake and
maintained the turgidity of gerbera flowers (Nair et al. 2010). Silver in an ionic
state exhibits high antimicrobial activity. However, ionic silver is unstable due to its
high reactivity and thus gets easily oxidized or reduced into a metal depending on the
surrounding media, and it does not continuously exert antimicrobial activity. On the
other hand, silica itself has no direct effect on pathogenic microorganisms and has no
effect on diseases. Therefore, a new composition of nano-sized silica-silver for
control of various plant diseases has been developed (Sharon et al. 2010).
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Zinc Oxide

Zinc oxide nanoparticles have shown much better antimicrobial activity than large
zinc particles, since the small size is less than 100 nm and high surface-to-volume
ratio of nanoparticles allows better interaction with bacteria. Similarly, zinc oxide
nanoparticles inhibited the fungal growth of Botrytis cinerea by influencing cellular
functions, which caused deformation in mycelia mats. In addition, zinc oxide NPs
inhibited the growth of conidiophores and conidia of Penicillium expansum, which
finally led to the death of fungal mats as reported by Abd-elsalam (2013).

Nano-alumino-silicate

Silicon is known to be absorbed into plants to increase disease resistance and stress
resistance by promoting physiological activity and growth of plants. Aqueous
silicate solution is reported to exhibit exceptional preventive effects on pathogenic
microorganisms causing powdery mildew or downy mildew in plants. Additionally,
it promotes physiological activity and growth of plants and induces diseases and
stress resistance in plants. Nano-alumino-silicate is being used by many leading
chemical companies to formulate efficient pesticides at nanoscale. One of such effort
is use of alumino-silicate nanotubes with active ingredients to get the advantage of
early pick up by insect hairs when used in plant surface. Insects actively groom and
consume pesticide-filled nanotubes. They are biologically more active and relatively
more environmentally safe pesticides. Silica nanoparticles have also been used to
deliver DNA and chemicals to plant, thus creating a powerful new tool for targeted
delivery into cells.

Nano-silica-Silver Composite

Silicon (Si) is known to be absorbed into plants and to increase disease resistance
and stress resistance (Mao et al. 2001; Brecht et al. 2004). Aqueous silicate solution,
used to treat plants, is reported to exhibit excellent preventive effects on pathogenic
microorganisms causing powdery mildew or downy mildew in plants thus used for
treating diseased plants. Moreover, it promotes physiological activity and growth of
plants and induces disease and stress resistance in plants. But since silica has no
direct disinfection effects on pathogenic microorganisms in plants, it does not exhibit
any effect on established diseases. Further, the effects of silica significantly vary
with the physiological environment, and thus, it is not registered as an agricultural
chemical. As mentioned above, silver is known as a powerful disinfecting agent. It
kills unicellular microorganisms by inactivating enzymes having metabolic func-
tions in the microorganisms by oligodynamic action (Kim et al. 2009).

254 D. Garg and D. K. Payasi



Titanium Dioxide (TiO2) Nanoparticles

Khodakovskaya and Lahiani (2014) and Chen et al. (2014) reported that titanium
dioxide (TiO2) is a nontoxic white pigment and a popular photocatalyst used to
manufacture pigments. Titanium stimulates production of more carbohydrates,
encouraging growth and photosynthetic rates. The application of TiO2 has been
found to show excellent efficacy in maize by reducing the effect of Curvularia leaf
spot and bacterial leaf blight disease incidence and severity. They also reported that
application of TiO2 significantly reduced the incidence of rice blast and tomato spray
mold with a corresponding 20% increase in grain weight due to the growth-
promoting effect of TiO2 nanoparticles (Mahmoodzadeh et al. 2000). Pelaez et al.
(2012) reviewed that titanium dioxide has shown photocatalytic activity for the
degradation of pesticides. The photocatalytic property of titanium dioxide has
application in plant protection because it does form toxic and dangerous compounds,
hence possessing great pathogen disinfection efficiency. Scientists are trying to
improve the photosynthetic disinfection efficiency of titanium dioxide thin film by
doping and other suitable methods. Plants are also the primary choice of researchers
for synthesis of titanium dioxide nanoparticles. Spherical-shaped, clustered titanium
dioxide nanoparticles with an average size of 32.58 nm from the aqueous leaf extract
of Psidium guajava have been synthesized (Santhosh kumar et al. 2014). These
nanoparticles were tested against bacteria Aeromonas hydrophila, Proteus mirabilis,
Escherichia coli, Staphylococcus aureus, and Pseudomonas aeruginosa. The max-
imum zone of inhibition was observed against Staphylococcus aureus (25 mm) and
Escherichia coli (23 mm) when titanium dioxide nanoparticles were used at 20 μg/
mL concentration. The synthesized TiO2 nanoparticles showed enhanced
antibacterial activity than the standard antibiotic disk, tetracycline, which reduced
the chances for the development of antibiotic resistance of bacterial species. The
aqueous extract from plants and titanium dioxide nanoparticles synthesized pos-
sessed the best antioxidant activity when compared with ascorbic acid. Synthesis of
spherical clusters of quite polydispersed titanium dioxide nanoparticles with a size
range from 36 to 68 nm by Eclipta prostrata leaf extract has been done successfully
as reported by Rajakumar et al. (2012).

There is an urgent need of ultrasensitive rapid diagnostic tool which can detect the
molecular defects, either at genomic or biochemical level. Bio-systems are endowed
with functional nanometric devices such as enzymes, proteins, and nucleic acids,
which detect vital processes in plants. Disease diagnosis is difficult mainly because
of the exceptionally low concentrations of biochemical and also due to the presence
of very low amounts of detectable virus and many fungal or bacterial infections.
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8.3.5 Insect Pest Management

The advances in science and technology in the last decades were made in several
areas of pesticides and new ways of application, which include controlled-release
formulations (CRF). (Ragaei and Sabry 2014).

Nanopesticides

Nanopesticide is defined as any formulation that intentionally includes elements in
the nanometer size range and/or claims novel properties associated with these small
size range. Some nanomolecules have already been in the market for several years.
Pesticides inside nanoparticles are being developed that can be released slowly or
have the release linked to an environmental trigger (Nair et al. 2010; Agrawal and
Rathore 2014). Nanopesticides can consist of organic ingredients and/or inorganic
ingredients (e.g., metal oxides) in various forms (e.g., particles and micelles).
Nanopesticides consist in:

1. Increasing the apparent solubility of poorly soluble active ingredients
2. Releasing the active ingredient in a slow/targeted manner and protecting the

active ingredient against premature degradation

Polymers

Applications of polymer in the field of agriculture, highlighting present research
trends, impact on food security, and what the future holds are described below.

Functionalized Polymers in Agriculture

Synthetic polymers play an important role in agricultural field as structural materials
for creating a climate beneficial to plant growth (e.g., mulches, shelters, or green-
houses, for fumigation and irrigation, in transporting and controlling water distribu-
tion). However, the principal requirement of the polymers used in these applications
is concerned with their physical properties, such as transmission, stability, and
permeability or weatherability and as inert materials rather than as active molecules.
During the last few years, the science and technology of reactive functionalized
polymers has received considerable interest as one of the most exciting areas of
polymer chemistry for the production of improved materials. Functionalized poly-
mers found widespread applications as reactive materials based on the potential
advantages of the specific active functional groups and the characteristic properties
of the polymeric molecules. Their successful utilizations are quite broad including a
variety of fields, such as solid-phase synthesis, biologically active systems, and other
various technological uses (Ahmed 1990).
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Polymeric Nanobiocides and Herbicides

New techniques have recently emerged for developing controlled-release formula-
tions designed to avoid or reduce the possible side effects accompanying the use of
biologically active agents. The purposes of these techniques include to protect the
supply of the agent, to allow the automatic release of the agent to the target at
controlled rates, and to maintain its concentration within the optimum limits over a
specified period of time, thereby producing a great specificity and persistence. There
are two different approaches in combining the biological agents with the polymeric
materials, either by physical combination (encapsulation or heterogeneous disper-
sion) to act as a rate controlling device or by chemical combination to act as carrier
for the agent (Ahmed 1990). The polymeric biocide has many advantages and its
potential benefits include the following: it allows lower amounts than conventional
biocides to be used as it releases the required amount of active agent over a long
period, the number of applications is reduced because of a long period of activity by
a single application, and it eliminates the time and cost of repeated overapplications.
The rate of release of active group from the polymer matrix and the consequent
duration of the effective action is influenced by chemical characteristics of the active
agent’s structure; nature of the active agent-polymer bond (such as esters, amides,
ureas, urethanes, acetals); the distance of the active agent from the polymer back-
bone; the necessity of a permanent spacer group to prevent steric hindrance to
achieve an enhanced rate of release, the rate of breakdown of the bond between
the active material and the polymer by chemical, biological, or environmental agents
such as UV, moisture, and microorganisms; chemical nature of the polymer back-
bone; chemical nature of the groups surrounding the active moieties; dimension and
structure of the polymer molecule as governed by the degree of polymerization;
monomer’s solubility; degree of cross-linking; and the stereochemistry. The main
problem with the use of less persistent conventional herbicides that have greater
specificity is the use of excess amounts than that actually required to control the herb
because they are unstable in an aquatic environment and of the need to compensate
the amount wasted by the environmental forces of photodecomposition, leaching,
and washing away by rain. They are also highly toxic to farm workers and expensive
on multiple applications which are required because of their lower persistence. On
the other hand, the applications of large amounts of persistent herbicides are
undesirable because of their frequent incorporation into the food chain. In an attempt
to reduce the problems encountered in using conventional herbicides, some
functionalized polymers containing pesticide moieties as pendant groups have
been prepared by free radical polymerization of vinyl monomer type, and their
hydrolysis rates were studied under different conditions. As an active pesticide,
pentachlorophenol (PCP), a major industrial chemical, represents one of the most
widely used biocides in a variety of agrochemical applications, such as herbicide,
molluscicide, fungicide, insecticide, algicide, and bactericide. In addition, its
hydroxyl group provides a suitable mean for covalent bonding to a variety of
polymerizable units. A series of vinyl monomers containing PCP via an ester linkage
have been prepared (Sun et al. 1994). These monomers have been homo- and
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copolymerized with styrene and 4-vinylpridine to induce hydrophobic and hydro-
philic nature to the polymers. The rates of release of PCP from the polymers have
been studied at four different media (water, pH ¼ 4, pH ¼ 10, and dioxane-water)
and all at 30 �C. In addition to PCP, the herbicides of general use that contain
functional group for bonding to the polymer matrix have also been used, such as
2,4-dichlorophenoxyacetic acid, 2-methyl-4-chlorophenoxyacetic acid, and
2,4-dinitro-6-methylphenol. The hydrophilic and cross-linking nature of these poly-
mers lead to a faster rate of hydrolytic cleavage of the pendant pesticide. Their rapid
deterioration in soil by biodegradation and the subsequent destruction of the poly-
meric matrix within a short period of time lead to shorter period of effectiveness of
the herbicide.

The principle of a dual application of controlled-release herbicide fertilizer has
been used (Sun et al. 1994). This principle is based on the use of appropriate
polymers as carriers in which the residual products after the degradation of the
polymer become beneficial to the plant growth and the soil by acting as fertilizer. For
example, herbicide derivatives of bifunctional compounds have been prepared and
polymerized under condensation polymerization conditions. The attempt is based on
the concept of attaching the herbicides to polymeric hydrogels in order to alter the
basic character of sandy soil. In addition to the primary function of these polymers to
control the rate of delivery of herbicides, they can also play an important role to
increase the water retention by sandy soil through avoiding its rapid leaching. Hence,
the use of such dual combination of controlled-release herbicide-water conservation
can contribute positively to change the conventional agricultural irrigation especially
for sandy soil (Sun et al. 1994). These polymers were developed to improve the
physical properties of soil in view of:

1. Increasing their water-holding capacity
2. Increasing water use efficiency
3. Enhancing soil permeability and infiltration rates
4. Reducing irrigation frequency
5. Reducing compaction tendency
6. Stopping erosion and water runoff
7. Increasing plant performance (especially in structureless soils in areas subject to

drought)

The presence of water in soil is essential to vegetation. Liquid water ensures the
feeding of plants with nutritive elements, which makes it possible for the plants to
obtain a better growth rate. It seems to be interesting to exploit the existing water
potential by reducing the losses of water and also ensuring better living conditions
for vegetation. Taking into account the water-imbibing characteristics of
superabsorbent polymer materials, the possibilities of its application in the agricul-
tural field have increasingly been investigated to alleviate certain agricultural prob-
lems. SAPs are compounds that absorb water and swell to many times their original
size and weight. They are lightly cross-linked networks of hydrophilic polymer
chains. The network can swell in water and hold a large amount of water while
maintaining the physical dimension structure (Mohammad et al. 2008; Buchholz and
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Graham 1997). It was known that commercially used water-absorbent polymeric
materials employed are partial neutralization products of cross-linked polyacrylic
acids, partial hydrolysis products of starch-acrylonitrile copolymers, and starch-
acrylic acid graft copolymers. At present, the material’s biodegradability is an
important focus of research in this field because of the renewed attention toward
environmental protection issues (Lentz 2003). The half-life is in general in the range
of 5–7 years, and they degrade into ammonium, carbon dioxide, and water. SAP
hydrogels potentially influence soil permeability, density, structure, texture, evapo-
ration, and infiltration rates of water through the soils. Particularly, the hydrogels
reduce irrigation frequency and compaction tendency, stop erosion and water runoff,
and increase the soil aeration and microbial activity (El-Rehirm abd et al. 2004). The
SAP particles may be taken as “miniature water reservoirs” in soil. Water will be
removed from these reservoirs upon the root demand through osmotic pressure
difference. The hydrogels also act as a controlled-release system by favoring the
uptake of some nutrient elements, holding them tightly, and delaying their dissolu-
tion. Consequently, the plant can still access some of the fertilizers, resulting in
improved growth and performance rates (Liang et al. 2007; Wu et al. 2008). SAPs
can also be used as retaining materials in the form of seed additives (to aid in
germination and seedling establishment), seed coatings, and root dips and for
immobilizing plant growth regulator or protecting agents for controlled release
(El-Rehirm abd et al. 2004). The SAP effect on the growth indices of an ornamental
plant (Cupressus arizonica) under reduced irrigation regimes in the field and on the
soil water retention curve in a laboratory was investigated (Abedi-Koupai and
Asadkazemi 2006).

All the leading producers of agricultural chemicals, including BASF, Dupont,
Monsanto, and Syngenta, are actively conducting research in nanotechnology for use
in agriculture and pesticides, and some nanoscale ingredients are already in the
market. In the last 10 years, over 3000 patents have been filed for pesticides with
nanoscale ingredients. These are mainly reformulations of existing pesticides at the
nanoscale. Nanomolecules are generally intended to be more targeted in delivery, to
be more toxic, to have greater persistence on leaves, and to allow reduced quantities
of chemicals to be used with greater effect (Table 8.3).

8.3.6 Nanomolecules in Recycling Agricultural Waste

Nanomolecules are also used to prevent waste in agriculture, particularly in the
cotton industry. When cotton is processed into fabric or garment, some of the
cellulose or the fibers are discarded as wasted or used for low-value products such
as cotton balls, yarns, and cotton batting. With the use of newly developed solvents
and a technique called electrospinning, scientists produce 100 nm diameter fibers
that can be used as a fertilizer or pesticide absorbent. These high-performance
absorbents allow targeted application at desired time and location. Rice husk, a
rice-milling by-product, can be used as a source of renewable energy. When rice
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Table 8.3 Polymers used in nanomolecule production

Polymer Active compound Nanomolecule References

Lignin-polyethylene glycol-
ethylcellulose

Imidacloprid Capsule Flores-
Cespedes
et al. (2012)

Polyethylene glycol B-Cyfluthrin Capsule Loha et al.
(2012)

Chitosan Etofenprox Capsule Hwang et al.
(2011)

Polyethylene Piperonyl
butoxide and
deltamethrin

Capsule Frandsen
et al. (2010)

Polyethylene glycol Garlic essential oil Capsule Yang et al.
(2009)

Poly(acrylic acid)-b-poly(butyl acrylate)-
polyvinyl alcohol Polyvinyl pyrrolidone

Bifenthrin Capsule Liu et al.
(2008)

Acrylic acid-butyl acrylate Itraconazole Capsule Goldshtein
et al. (2005)

Carboxymethylcellulose Carbaryl Capsule Isiklan (2004)

Alginate-glutaraldehyde Neem seed oil Capsule Kulkarni et al.
(1999)

Alginate-bentonite Imidacloprid or
cyromazine

Clay Fernandez-
Perez et al.
(2011)

Polyamide Pheromones Fiber Hellmann
et al. (2011)

Starch-based polyethylene Endosulfan Film Jana et al.
(2001)

Lignin Aldicard Gel Kok et al.
(1999)

Lignin Amidacloprid or
cyromazine

Granules Fernandez-
Perez et al.
(2011)

Carboxymethyl chitosan-ricinoleic acid Azadirachtin Particles Feng and
Peng (2012)

Chitosan-poly(lactide) Imidacloprid Particles Li et al.
(2011)

Polyvinylchloride Chloropyrifos Particle Liu et al.
(2002)

Vinyl ethylene and vinyl acetate Pheromones Resin Wright (1997)

Glyceryl ester of fatty acids Carbaryl Spheres Quaglia et al.
(2001)

Poly(methyl methacrylate)- poly(ethyl-
ene glycol) Polyvinylpyrrolidone

Carbofuran Suspension Chin et al.
(2011)

Source: Ragaei and Sabry (2014)
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husk is burned into thermal energy or biofuel, a large amount of high-quality
nanosilica is produced which can be further utilized in making other materials
such as glass and concrete. Since there is a continuous source of rice husk, mass
production of nanosilica through nanomolecules can alleviate the growing rice husk
disposal concern (Mishra et al. 2013).

8.3.7 Nanofertilizers and Nanocomplex

Fertilizers have an axial role in enhancing the food production in developing
countries especially after the introduction of high-yielding and fertilizer-responsive
crop varieties. In spite of this, it is known that yields of many crops have begun to
depress as a result of imbalanced fertilization and decrease in soil organic matter.
Moreover, excessive applications of nitrogen and phosphorus fertilizers affect the
groundwater. DeRosa et al. (2010) reported that nanofertilizers will combine
nanodevices in order to synchronize the release of fertilizer N and P with their
uptake by crops, preventing undesirable nutrient losses to soil, water, and air via
direct internalization by crops and avoiding the interaction of nutrients with soil,
microorganisms, water, and air. Nanostructured formulation might increase fertilizer
efficiency and uptake ratio of the soil nutrients in crop production and save fertilizer
resource. Controlled-release modes having properties of both release rate and release
pattern of nutrients for water-soluble fertilizers might be precisely controlled through
encapsulation in envelope forms of semipermeable membranes coated by resin-
polymer, waxes, and sulfur. Effective duration of nutrient release has desirable
property of nanostructured formulation, which can extend effective duration of
nutrient supply of fertilizers into soil. Nanostructured formulation can reduce loss
rate of fertilizer nutrients into soil by leaching and/or leaking.

The consumption of nitrogen in the form of urea has increased manifold (29%)
after the Green Revolution era in India. Increased productivity by applying excess
nitrogen is responsible for 80% of the increased in atmospheric N2O (a greenhouse
gas) which causes increased atmospheric temperature and thus contributes to global
warming (Park et al. 1940) Chemical fertilizers like urea, diammonium phosphate,
and single superphosphate are used in agriculture to meet out the shortage of N, P,
and K in the soil. But most part of these fertilizers are lost off or volatilized. It is
estimated that about 40–70% nitrogen, 80–90% phosphorus, and 50–70% potassium
of the applied fertilizers are lost to the environment and can’t be absorbed by plants
causing exchequer loss to the nation and environmental pollution as well. Moaveni
and Kheiri (2011) reported that nanofertilizer technology is very innovative; how-
ever, only very scantly reported literatures are available in the scientific journals.
Substituting nanofertilizers for traditional methods of fertilizer application is a way
to release nutrients into the soil gradually and in a controlled way, thus preventing
purification and pollution of water resources. DeRosa et al. (2010) reported that in
nanofertilizers, nutrients can be encapsulated by nanomaterials, with a thin
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protective coating, or delivered as emulsions or nanoparticles. Nanotech materials
are being developed for slow release and efficient dosages of fertilizers for plant and
have the potential to increase the efficiency of nutrient uptake (Singh 2012; Sekhon
2014). An enhanced production has been observed by foliar application of
nanoparticles as fertilizer. A variety of nanomaterials, mostly metal-based
nanomaterials and carbon-based nanomaterials, have been exploited for their absorp-
tion, translocation, accumulation, and productivity, affecting on growth and devel-
opment in an array of crop plants (Nair et al. 2010; Rico et al. 2011).

Nanosizing, in theory, should make fertilizer nutrients more available to nano-
scale plant pores and therefore result in efficient nutrient use (Suppan 2013).
“Intelligent nanofertilizer” has been proposed with nano-sized biosensors suspended
in a biopolymer that coats micron-sized fertilizer particles. Nanomaterials used in
recommended doses may sometimes fail to exert the desired effects due to concen-
tration of these materials which is much below the minimum effective concentration
required of the chemicals that has to reach the target site of crops due to obstacles
such as leaching of chemicals, degradation by photolysis or microbes, and hydroly-
sis. Hence, repetitive application is indispensable to have an effective control
consequently, which might cause some unfavorable effects such as soil and water
pollution. Nanoencapsulated agrochemicals should be designed in such a way that
they possess all indispensable properties such as effective concentration (with high
solubility, stability, and effectiveness), time-controlled release in response to certain
stimuli, enhanced targeted activity, and less ecotoxicity with harmless and effortless
mode of delivery, thus avoiding repetitive application (Nair et al. 2010). Slow-
release fertilizers are excellent alternatives to soluble fertilizers as nutrients are
released at a slower rate throughout the crop growth; plants are able to take up
most of the nutrients without waste by leaching. Slow release of nutrients in the
environments could be achieved by using zeolites.

Zeolites

Zeolites are a group of naturally occurring minerals having a honeycomb-like-
layered crystal structure, and their network of interconnected tunnels and cages can
be laden with nitrogen and potassium along with other slowly dissolving ingredi-
ents containing phosphorous, calcium, and a complete suite of minor and trace
nutrients. Fertilizer particles can be coated with nano-membranes that facilitate
slow and steady release of nutrients, e.g., patented nanocomposite containing N,
P, K, micronutrients, mannose, and amino acids that enhanced the uptake and
utilization of nutrients by grain crops has been reported (Chinnamuthu and
Boopathi 2009).
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Carbon Nanotubes

Carbon nanotubes are allotropes of carbon with cylindrical shape and can be utilized
as vehicle to deliver desired molecules, either nutrient or biocides, into the seeds
during germination. Similarly, triazophos can also be effectively protected from
hydrolysis in acidic and neutral media by including it in a nanoemulsion (Gutiérrez
et al. 2011). Now a days these became attractive electronic materials to date and their
replication in future electric circuits and biosensing chips (Yan et al. 2011). It acts as
vehicle to deliver desired molecules into the seeds during germination that can
protect them from the diseases. Since it is growth promoting, it will not have any
toxic or inhibiting or adverse effect on the plant.

Copper and Silica

A combination of titanium dioxide, aluminum, and silica was reported to be effective
in controlling downy and powdery mildew of grapes by Bowen et al. (1992),
possibly through direct action on the hyphae, interference with recognition of
plant surface, and stimulation of plant physiological defenses. Nanosilica has been
successfully employed to control a range of agricultural insect/pest. Such
nanoparticles get absorbed into cuticular lipids (used by insects to prevent death
from desiccation) by physisorption and cause insect death by physical means when
applied on leaves and stem surfaces (Ulriches et al. 2005). Antifungal activities of
polymer-based copper nanocomposites against pathogenic fungi (Cioffi et al. 2004)
and silica-silver nanoparticles against Botrytis cinerea, Rhizoctonia solani,
Colletotrichum gloeosporioides (Park et al. 2006), Bipolaris sorokiniana, and
Magnaporthe grisea (Jo et al. 2009) have been reported. Copper nanoparticles in
soda lime glass powder showed efficient antimicrobial activity against gram-positive
and gram-negative bacteria and fungi (Esteban-Tejeda et al. 2009).

Tetramethylammonium Hydroxide

Magnetic nanoparticles coated with tetramethylammonium hydroxide led to an
increase in chlorophyll-a level in maize (1994). Use of iron oxide in pumpkin was
also observed to increase root elongation that was attributed to the iron dissolution.

8.3.8 Nanotechnologies for Water Quality and Availability

Currently, provision of clean and abundant freshwater is one of the most important
challenges faced by the world for human use and industrial applications such as
agriculture. According to a survey, more than one billion people in the world are
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deprived of clean water and the situation is getting worse. In the near future, it has
been estimated that the average water supply per person will drop by a factor of one
third, which will result in the avoidable premature death of millions of people (Cross
et al. 2009). A large amount of freshwater is required in agriculture, but in turn, it
contributes to groundwater pollution through the use of pesticides, fertilizers, and
other agricultural chemicals. To combat this problem, novel, sustainable, and cost-
effective technologies will be required for the treatment of this large amount of
wastewater produced. During the treatment of wastewater, critical issues like water
quality and quantity, treatment and reuse, safety due to chemical and biological
hazards, and monitoring and sensors should be considered. Research and develop-
ment in nanotechnology has enabled us to find novel and economically feasible
solutions for remediation and purification of this wastewater. Accessible water
resources are mostly contaminated with waterborne pathogenic microorganisms
like cryptosporidium, coliform bacteria, virus, etc., various salts and metals (Cu,
Pb, As, etc.), and runoff agricultural chemicals.

Nangmenyi and Economy (2009) reported physicochemical microbial disinfec-
tion systems like chlorine dioxide, ozone, and ultraviolet are being commonly used
in developed countries, but most of the developing countries are lacking these
systems due to the requirement of large infrastructure which makes them costly.
The need of the hour is to search and develop alternative cost-effective technologies.
Nanotechnology-based oligodynamic metallic particles have the ability to serve this
function. Among these nanomaterials, silver is the most promising one as it is both
bactericidal and viricidal due to the production of reactive oxygen species that
cleaves DNA and can be utilized for a wide range of applications. Other properties
include low toxicity, ease of use, its charge capacity, high surface-to-volume ratios,
crystallographic structure, and adaptability to various substrates.

Hoek and Ghosh (2009) emphasized on desalination of seawater which will be
become a major source of freshwater due to limited resources of freshwater for
agriculture and domestic purposes. Conventional desalination technologies like
reverse osmosis membranes are being used, but these are costly due to the large
amount of energy required. Nanotechnology has played a very important role in
developing a number of low-energy alternatives, among which three are most
promising: (i) protein-polymer biomimetic membranes, (ii) aligned carbon nanotube
membranes, and (iii) thin-film nanocomposite membranes. These technologies have
shown up to 1000 times better desalination efficiencies than reverse osmosis, as
these have high water permeability due to the presence of carbon nanotube mem-
branes in their structure. Some of these membranes are involved in the integration of
other processes like disinfection, deodorizing, de-fouling, and self-cleaning. Some
of these technologies may be introduced in the marketplace in the near future, but
scale-up fabrication, practical desalination effectiveness, and long-term stability are
the most critical challenges to be considered before their successful
commercialization.
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8.3.9 Phytochemicals and Essential Oils

Phytochemicals such as secondary metabolites and essential oils proved to have
eco-friendly biological activity, but they face problems of stability and cost-
effectiveness. As observed by Ghormade et al. (2010), an essential oil from Artemi-
sia arborescens faced the problem of instability during pesticide activity against
Aphis gossypii (citrus fruit pest), adult and young Bemisia tabaci, and Lymantria
dispar (cork plant pest). Incorporation of A. arborescens essential oil into solid lipid
nanoparticles (200–294 nm) reduced the rapid evaporation of essential oil, in
comparison to the reference emulsions. Similarly, the essential oil from garlic
when loaded on polymer nanoparticles (240 nm) coated with polyethylene glycol
to evaluate their insecticidal activity against adult Tribolium castaneum showed
more than 80% efficacy even after 5 months, due to the controlled slow release of
the active components, in comparison to free garlic essential oil (11%). This
indicated the feasibility of polyethylene glycol-coated nanoparticles loaded with
garlic essential oil for control of storage pests (Ghormade et al. 2010).

8.3.10 Nanotech Delivery Systems for Pests and Nutrients

Nano-based smart delivery systems and nanosensors could help in the efficient use
of natural resources like water, nutrients, and chemicals through precision farming.
Through the use of nanomaterials and global positioning systems with satellite
imaging of fields, farm managers could remotely detect crop pests or evidence of
stress such as drought. Once pest or drought is detected, there would be automatic
adjustment of pesticide applications or irrigation levels. Nanosensors dispersed in
the field can also detect the presence of plant viruses and the level of soil nutrients.
Nanoencapsulated slow-release fertilizers have also become a trend to save fertilizer
consumption and to minimize environmental pollution.

8.3.11 Nanosensors/Nanobiosensors in Agri-food Production

Crop growth and field conditions like moisture level, soil fertility, temperature, crop
nutrient status, insects, plant diseases, weeds, etc. can be monitored through
advancement in nanotechnology. This real-time monitoring is done by employing
networks of wireless nanosensors across cultivated fields, providing essential data
for agronomic intelligence processes like optimal time of planting and harvesting the
crops. It is also helpful for monitoring the time and level of water, fertilizers,
pesticides, herbicides, and other treatments. These processes are needed to be
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administered given specific plant physiology, pathology, and environmental condi-
tions and ultimately reduce the resource inputs and maximize yield (Scott and Chen
2003). Nanobiosensors can be effectively used for sensing a wide variety of fertil-
izers, herbicides, insecticides, pathogens, moisture, and soil pH, and their control can
support sustainable agriculture for enhancing crop productivity (Rai et al. 2012). The
development of sensor-/biosensor-based specific interaction makes atomic force
spectrometry more effective in detecting enzyme-inhibiting herbicides. Noble
metal (palladium, platinum, and gold)/DNA/single-walled carbon nanotube
(SWCNT) hybrid nanostructure-based gas sensor arrays were fabricated by means
of inkjet printing of metal ion-chelated DNA/SWCNTs on microfabricated elec-
trodes followed by electrodeless deposition to reduce metal ions to metal. DNA
serve as a dispersing agent to effectively solubilize pristine SWCNTs in water and as
metal ion-chelating centers for the formation of nanoparticles. Nanobarcodes and
nanoprocessing could also be used to monitor the quality of agricultural product.
Scientists at Cornell University used the concept of grocery barcodes for cheap,
efficient, rapid, and easy decoding and detection of diseases. They produced micro-
scopic probes or nanobarcodes that could tag multiple pathogens in a farm which can
easily be detected using any fluorescent-based equipment. This ongoing project
generally aims to develop a portable on-site detector which can be used by
non-trained individuals. Scientists and engineers are working from dawn to dusk
in developing the strategies which can increase the water use efficiency in agricul-
tural productions, e.g., drip irrigation. This has moved precision agriculture to a
much higher level of control in water usage, ultimately toward the conservation of
water. More precise water delivery systems are likely to be developed in the near
future. These factors critical for their development include water storage, in situ
water-holding capacity, water distribution near roots, water absorption efficiency of
plants, encapsulated water released on demand, and interaction with field intelli-
gence through distributed nanosensor systems (Cross et al. 2009).

8.3.12 Plant Hormones

Through nanomolecule, researchers are able to study plant’s regulation of hormones
such as auxin, which is responsible for root growth and seedling establishment.
Scientists at Purdue University developed a nanosensor that reacts with auxin. This
interaction generates an electrical signal which can be a basis for measuring auxin
concentration at a particular point. The nanosensor oscillates, taking auxin concen-
tration readings at various points of the root. This is a breakthrough in auxin research
because it helps scientists understand how plant roots adapt to their environment,
especially to marginal soils (Mishra et al. 2013).
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8.3.13 Quality of Agricultural Food Products

Nanotechnology also has applications in the agri-food sector. Many vitamins and
their precursors, such as carotenoids, are insoluble in water. However, when formu-
lated as nanoparticles, these substances can easily be mixed with cold water, and
their bioavailability in the human body also increases. Many lemonades and fruit
juices contain these specially formulated additives, which often also provide an
attractive color. The world market potential of such micron-sized compounds is
estimated to be $1 billion. In the near future bio- and gas sensors could gain
importance. These sensors could be integrated into packaging materials to monitor
the freshness of the food. Bio-selective surfaces are the new innovation of
nanoscience technology with a principle that surfaces are the environment and
location on which most chemical and biological interactions occur. A bio-selective
surface has either an enhanced or reduced ability to bind or hold specific organisms
or molecules.

8.3.14 Bioengineering

A huge amount of agricultural products and foods are wasted starting from the
harvest at the field to their transportation, storage, and further processing. This
important rate-limiting factor can possibly be addressed by enhancing the capacity
of the country in relation to high-throughput experimental technologies. Nanotech-
nology is a part of any nation’s future. Research on nanomaterials has extremely
high potential to benefit society through applications in agriculture and food sys-
tems. As in the case of almost every nonconventional technology, e.g., genetic
engineering, some fear that nanotechnology can give people too much control. We
believe that this control can be wisely used and that the huge contributions that
nanotechnology can make very strong arguments in favor of using this revolutionary
science to its fullest potential. Food and agriculture technology should take advan-
tage of the powerful tools of nanotechnology, for the benefit of humankind. Appli-
cation of nanomolecule-based products in agricultural field is shown in Table 8.4.

8.4 Conclusion

New tools using nanomaterials are underway which will be equipped with
nanodevices. Use of nanomaterials could permit rapid advances in agricultural
research which will produce large amount of fruits unaffected by season and
growing period. The potential use and benefits of nanoparticle-based technology
are enormous. Productivity enhancement by using nanoparticle-driven precision
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Table 8.4 Relevant application of agricultural nanotechnology and examples of successful
applications

Application Nanomolecules Examples References

Crop production

Plant protec-
tion product

Nanocapsules,
nanoparticles,
nanoemulsions, and viral
capsids as smart delivery
systems of active ingre-
dients for biotic stress
management

Neem oil (Azadirachta
indica), monoemulsion
as larvicidal agent (VIT
University, IN)

CH Anjali, Y Sharma,
A Mukherjee, N
Chandrasekaran (2012)
Pest Manage Sci 68:
158—163

Fertilizers Nanocapsules,
nanoparticles, and viral
capsids for the enhance-
ment of nutrient absorp-
tion by plants and the
delivery of nutrients to
specific sites

Macronutrient fertilizers
coated with zinc oxide
nanoparticles (Univer-
sity of Adelaide, AU;
CSIRO Land and Water,
AU; Kansas State Uni-
versity, USA)

N Milani, et al. (2012) J
Agric Food Chem. 60:
3991–3998

Soil improvement

Water/liquid
retention
product

Nanomaterials, e.g., zeo-
lites and nanoclays, for
water or liquid agro-
chemical retention in the
soil for their slow release
to the plants

Soil-enhancer product,
based on a nanoclay
component, for water
retention and release
(Geohumus-Frankfurt,
DE)

http://www.geohumus.
com/us/products.html

Water purification

Water purifi-
cation and
pollutant
remediation

Nanomaterials, e.g.,
nanoclays, filtering and
binding to a variety of
toxic substances, includ-
ing pesticides, to be
removed from the
environment

Filters coated with TiO2

nanoparticles for the
photocatalytic degrada-
tion of agrochemicals in
contaminated waters
(University of Ulster,
UK)

TA McMurray, PSM
Dunlop, JA Byrne
(2006) J Photochem
Photobiol A-Chem 182:
43–51

Diagnostic

Nanosensors
and diagnostic
devices

Nanomaterials and
nanostructures (e.g.,
electrochemically active
carbon nanotubes,
nanofibers, and fuller-
enes) that are highly
sensitive biochemical
sensors to closely moni-
tor environmental condi-
tions, plant health, and
growth

Pesticide detection with
a liposome-based
nanobiosensor (Univer-
sity of Crete, GR)

V Vamvakaki, NA
Chaniotakis (2007)
Biosens Bioelectronics
22:2848–2853.

Plant breeding

Plant genetic
modification

Nanoparticles carrying
DNA or RNA to be
delivered to plant cells
for their genetic

Mesoporous silica
nanoparticles
transporting DNA to
transform plant cells

F Torney, BG Trewyn,
VSY Lin, K Wang
(2007) Nat

(continued)
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farming and maximization of output and minimization of inputs through better
monitoring and targeted action is desirable. Use of nanomaterials in agricultural
research enables plants to use water, pesticides, and fertilizers more efficiently.
Anticipated nanoparticle-based application includes nanosensor/nanobiosensor for
detecting pathogen and for soil quality for plant health monitoring. Experts envision
numerous nanoparticle agro-formulations with higher bioavailability and efficacy
and better selectivity in the near future. Multidisciplinary approaches could poten-
tially improve food production, incorporating new emerging technologies and dis-
ciplines such as chemical biology integrated with nanotechnologies to tackle
existing bottlenecks that currently limit further developments.
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Chapter 9
Understanding the Effect of the Interaction
of Nanoparticles with Roots on the Uptake
in Plants

Divya Singh and Arun Kumar

Contents

9.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 278
9.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 281
9.3 Effect of Soil Properties on Nanoparticle Characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 282

9.3.1 Size of Pore Water/Soil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 283
9.3.2 Mobility of NPs in the Soil Column . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 284
9.3.3 Feasibility of Aggregation in Pore Water/Soil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 284
9.3.4 Change in Surface Charge of Nanoparticle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 285
9.3.5 Dissolution of Nanoparticles in Pore Water/Soil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 285

9.4 Nanoparticle Characteristics and Uptake in Edible Plants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 286
9.4.1 Effect of Nanoparticle Type on the Uptake in Edible Plants . . . . . . . . . . . . . . . . . . . . 287
9.4.2 Effect of a Mixture of Nanoparticles on the Uptake in Edible Plants . . . . . . . . . . . 288

9.5 Effect of Root Type on the Uptake . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 289
9.5.1 Effect of the Role of Root Exudates on the Uptake of NPs in Roots . . . . . . . . . . . . 290

9.6 Nanoparticle Transport in Plants: Possible Routes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 291
9.6.1 Studies on the Effect of NPs on Multiple Generations of Plants . . . . . . . . . . . . . . . . 294

9.7 Summary and Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 294
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 299

Abstract The wide expansion of nanotechnology in consumers, industrial, medical,
and food products has raised a concern over the scientific community regarding their
potential risk to human and the environment. Plant root is exposed to these
nanoparticles (NPs) through sludge application and wastewater irrigation processes.
The behavior and interaction of NPs in the soil, pore water, and rhizosphere play an
important and central role in governing uptake. To this end, the current work
critically reviewed the behavior of NPs in soil and root environment and tried to
understand the effect of interaction on uptake and the possible pathways for NP
uptake in edible plants. In addition, the current knowledge gaps in the current
perspective on NP and soil interaction, NP-root interaction, etc. had been compiled
after conducting the literature survey. The review of literature indicated that
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knowledge gaps exist for the following components: (1) size of nanoparticles in soil,
(2) mobility of NPs in soil, (3) aggregation in pore water and root, (4) change in
surface charge in pore water and root environment, (5) effect of type of nanoparticle
on uptake in edible plants, (6) type of plant on NP uptake, (7) mechanism of NP
uptake in plants, and (8) multiple generational effects on NPs in plants. Based on the
available literature, more studies on exposure of NPs to edible plants in environ-
mentally relevant conditions are recommended. In addition, a multidisciplinary
integrated approach to understand soil-nanoparticle-plant nexus is needed. The
uptake of NPs in edible plants is directly dependent on its interaction with soil and
root zone of plants. Therefore, this review highlighted on the status of knowledge,
identified important data gaps, and suggested future research directions.

Keywords Nanoparticles · Plants · Uptake · Accumulation · Soil · Root · Food ·
Factors · Interaction · Environment

9.1 Introduction

Nanotechnology is a promising field of interdisciplinary research. Due to its unique
properties, nanotechnology gives a wide array of opportunities in fields like medical,
electronics, and agriculture (Rai and Ingle 2012). Among various applications in the
agriculture sector, insect pest management through the formulations of
nanomaterial-based pesticides and insecticides has enhanced agricultural productiv-
ity to a significant level (Ram et al. 2014). The application of nanotechnology to
food industries due to promising potential benefits has improved food quality and
food safety (Ram et al. 2014). Nanodevices are smart delivery systems that target
specific sites and act as nanocarriers for the controlled release of chemicals.
Nanodevices are manufactured as a device having dimensions on the scale of
1–100 nm (Monreal et al. 2016). These nanodevices have potential applications in
the field of plant biotechnology and agriculture (Nair et al. 2010). Some nanotech-
nologies like nanoencapsulation can improve the existing crop management tech-
niques and can significantly reduce the ill effects of herbicides and insecticides. In
addition, nanocapsules can also improve the efficiency of herbicide by allowing the
slow and constant release of the active substances (Ram et al. 2014). The
nanoparticles (NPs) can also be loaded with herbicides and other chemicals to act
as “magic bullets” and can target specific plant sites (Pérez-de-Luque and Rubiales
2009). Nanosensors are another gift from nanotechnology, which can detect
microbes, humidity, and toxic pollutants at very-very minute levels. In addition,
these nanosensors can sense and degrade pollutants and improve agricultural output
with sustainable environmental protection (Baruah and Dutta 2009). In summary,
nanotechnology has promising effects in the field of agriculture and has a promising
potential to cope up with global challenges, like food safety and food security.
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However, despite the potential benefits of nanotechnology in agriculture systems,
there are various challenges which have to be taken care of (Mishra et al. 2017). The
public concerns about the long-term effect, possible fate and transport,
bioaccumulation, the effect on human life, and lack of regulatory framework chal-
lenge our complete acceptance of nanotechnologies in the agricultural sector.

As per PEN (Project on Emerging Nanotechnologies), the number of commercial
products containing one or more than one NPs is growing day by day. Among a wide
variety of NPs used, some of these NPs are used in a larger range of products and in
higher volume. The manufactured NPs have distinctive surface properties, a large
area-to-volume ratio, and size-dependent properties (Tourinho et al. 2012). These
include silver NPs, titanium dioxide NPs, zinc oxide NPs, silica NPs, and carbon-
based nanomaterials (Maurer-Jones et al. 2013). Another study revealed that the
concentration of some of the NPs, such as titanium dioxide, fullerenes, silver NPs,
zinc oxide NPs, and carbon-based nanotubes, are significantly higher in the envi-
ronment (Hegde et al. 2016). In addition, enough evidence on the potential toxicity
of these NPs on the environment is available in the literature (Dinesh et al. 2012)
where exposure of the NPs can impact the function of soil, sediments, and microbial
communities (Dinesh et al. 2012). The growing use of NPs in various products raises
the demands for understanding on the uptake of NPs in edible plants.

Various uptake and toxicity studies during seed germination and full-scale growth
of plants had been conducted. Table 9.1 summarizes the major areas in which review
papers had been published on the nanoparticle- and plant-related studies. Previous
studies have shown that environmental conditions, NP characteristics, and the
variety of plants may influence NPs’ interaction with plants. Physiochemical prop-
erties of NPs have an influence on their environmental uptake and toxicity. Charac-
teristics of NPs, such as size, surface area, and morphology, may significantly affect
physiological interactions between NPs and plants (Shin et al. 2015). It is well
established that plant species and size, chemical composition and surface properties,
and soil properties greatly influence toxicity, uptake, and transport of NPs in plant
system (Garner and Keller 2014; Cornelis et al. 2014). The table clearly shows that
no review had been performed on the effect of different factors on the uptake of NPs
in edible plants. This is important information to know as it tells about the status of
work done on factors affecting NP uptake in edible plants.

The objective of this review work was to understand the effect of the interaction
of nanoparticles with roots on the uptake in plants. In this review, we have consid-
ered exposure of NPs containing water to edible plants and tried to understand
various factors governing uptake of NPs in plants. Figure 9.1 shows the outline of
this review work and highlights major factors governing NP uptake in edible plants.
Edible plants can be exposed to NPs through various routes. Since it is virtually
impossible to cover all the possible routes, we have selected the most probable route
through which NPs can enter the food chain.
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Table 9.1 Summary of review papers in the past decade

Title Focus
Identified research
gap/research needs

Nanoparticles: Their potential
toxicity, waste, and environ-
mental management
(Bystrzejewska-Piotrowska
et al. 2009)

(1) To highlight problems
related to the uncontrolled
release of NPs to the environ-
ment through waste disposal
and (2) to introduce the topics
of nanowaste and
nanotoxicology to the waste
management community

New methods for
nanotoxicology and
nanobiomonitoring

Interactions between
engineered nanoparticles and
plants: Phytotoxicity, uptake,
and accumulation (Ma et al.
2010a)

Current knowledge on phyto-
toxicity/interactions of NPs
with plants (at seedling and
cellular levels) and compila-
tion of data gap and research
needs

(1) Effect of composition,
particle size, and aggregation
state affect the uptake kinet-
ics, fate, and transport of NPs
in plant, (2) effect of plant
species and environmental
factors on the uptake of NPs
by plants

Interaction of Nanoparticles
with Edible Plants and Their
Possible Implications in the
Food Chain (Rico et al. 2011)

NP studies on edible plants Nanoecotoxicology and
effects of NPs on the living
components of ecosystems

Applications and implications
of manufactured nanoparticles
in soils: a review (Pan and
Xing 2012)

The progress of research on
manufactured nanoparticles
and their implications for soils

Model-based on current pro-
duction of NPs

Toxicity, Uptake, and Trans-
location of Engineered
Nanomaterials in Vascular
Plants (Miralles et al. 2012)

Evidence on the phytotoxicity
of engineered nanomaterials

The mechanisms of penetra-
tion and interaction of NP
plants

Toxicity of Engineered
Nanoparticles in the Environ-
ment (Maurer-Jones et al.
2013)

Current understanding of NP
phytotoxicity, both in vitro and
in vivo, and possible mecha-
nisms for bioaccumulation

(i) Toxicity assessment in
complex ecosystems,
(ii) detecting NPs that are
similar in chemical composi-
tion to natural particulate
matter, (iii) characterizing the
NPs in a complex, natural
environment

Emerging patterns for
engineered nanomaterials in
the environment: A review of
fate and toxicity studies (Gar-
ner and Keller 2014)

Identification of the emerging
trends in fate and toxicity of
engineered nanomaterials
under various environmental
conditions

Not identified

Barriers, pathways, and pro-
cesses for uptake, transloca-
tion, and accumulation of
nanomaterials in plants – Crit-
ical review (Schwab et al.
2015)

Information on the currently
known engineered
nanomaterial uptake, translo-
cation, and accumulation pro-
cesses in plants

Estimation of uptake rates, the
size exclusion limit of the
apoplast, effect of plant phys-
iological features on the
uptake

(continued)
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9.2 Methodology

This review work summarizes and evaluates the present knowledge on the factors
affecting NP toxicity and uptake in edible plants with considerations on the NPs
having highest chances of presence in the environment. The review of the literature
was carried using studies published in the past decade (2007–2017), and findings
were presented in three major sections, i.e., the fate of NPs in suspension, the fate of
NPs in soil, and the fate of NPs in plant root environment. This review work
identified data gaps and proposed research directions to have a better understanding
of NP uptake in edible plants. Keywords like “nanoparticle,” “plants,” “size, surface

Table 9.1 (continued)

Title Focus
Identified research
gap/research needs

Environmentally relevant
approaches to assess
nanoparticles ecotoxicity: A
review (Bour et al. 2015)

Studies on engineered NPs
using environmentally rele-
vant exposure methods

Development of methods for
detection and quantification
of NPs in natural environ-
ments and assessment of the
fates and effects of NPs

Environmentally relevant
approaches to assess
nanoparticles ecotoxicity: A
review (Bour et al. 2015)

Review on NPs using envi-
ronmentally relevant exposure
methods

Lack of NP fate and effects in
environmental conditions and
additional studies of con-
sumer products containing
NPs

Impact of nanoparticles on
human and environment: A
review of toxicity factors,
exposures, control strategies,
and future prospects (Sajid
et al. 2015)

Characteristics of NPs, which
form the basis of their toxicity
and possible routes of expo-
sure of NPs to the human body

Development of research
methods to explore toxicity of
all kind of NPs

Silver and titanium dioxide
nanoparticle toxicity in plants:
A review of current research
(Cox et al. 2016)

Understanding the effect of
silver and titanium dioxide
NPs on plant species

Understand the interaction
between NPs and root hair
cells

Effect of metal and metal
oxide nanoparticles on growth
and physiology of globally
important food crops: A criti-
cal review (Rizwan et al. 2017)

Effects of NPs on agricultural
crops at biochemical, physio-
logical, and molecular levels

NP mechanisms in plants and
soil

Uptake and Toxicity of
Nanomaterials in Plants (Dev
et al. 2017)

Mechanisms of interaction of
NPs with plants (focus:
uptake, translocation, and tox-
icity behavior at physiological,
proteomic, transcriptomic, and
metabolomic level)

Not identified

Keywords: Nanoparticles, Toxicity, Plants, Duration 2007–2017) (NP, nanoparticles
NP nanoparticles
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charge, dissolution, aggregation,” and “uptake” were searched in databases, such as
Science Direct and Google Scholar, to obtain relevant papers. The findings of the
review are summarized below.

9.3 Effect of Soil Properties on Nanoparticle
Characteristics

Physicochemical properties of NPs, like size and shape, solubility, and surface
charge, determine the possible behavior of NPs in the soil environment. These
properties of NPs will, in turn, govern aggregation/agglomeration, sorption to soil
surfaces, and dissolution to the ions (Tourinho et al. 2012). The following sections
present the compilation of the factors affecting NP properties (size, mobility,
aggregation, surface charge) in soil media. Figure 9.2 summarizes the factors
affecting NP size, mobility, aggregation, and dissolution in aqueous and soil media.

Fig. 9.1 Outline of the review conducted (NP, nanoparticles). It indicates that nanoparticles present
in water interact with soil and are taken up by plant roots. NP uptake by plants and effect of NPs on
plants depend on its interaction with soil and root structure
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9.3.1 Size of Pore Water/Soil

Once released into the environment, NPs move in different media like water, soil,
and sludge. Studies on NPs and plants have shown that the size of NPs plays an
important role in determining uptake. Most NPs have a tendency to get aggregated,
and this plays a major role on their sedimentation rates (Keller et al. 2010). The
distribution of NPs in different plant tissues has been shown to be dependent on size
(Reidy et al. 2013). Size of NPs is affected by water and soil chemistry. In addition,
the aggregate size is influenced by ionic strength (IS) and pH (Conway et al. 2015).
One study on the uptake of CeO2 NPs by wheat, pumpkin, and sunflower plants is
grown in hydroponic media revealed that the contribution of dissolved Ce uptake
was more for NP size smaller than 10 nm due to their higher dissolution rate. One
more interesting finding was that no translocation of Ce from roots into shoots was
found for a size lower than 20 nm (Schwabe et al. 2015). In summary, size has a
strong influence on internal uptake of NPs in edible plants. Size also governs the
potential of NP movement from root to shoot portions of the plants. In spite of size
being an important factor for understanding uptake in plants, there is still a paucity of
data on edible plants. In addition to this, change in size due to different soil-
dependent factors (like pH, organic matter content) needs further detailed investiga-
tions, so that uptake of NPs by roots and its translocation can be predicted.

Fig. 9.2 A schematic showing interconnection between the factors affecting the fate of NPs in soil
(NPs, nanoparticles). Different soil-related parameters, water-related parameters, and NP charac-
teristics affect the fate of NPs in soil and its chance of uptake by plants
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9.3.2 Mobility of NPs in the Soil Column

The mobility of NPs in soil is an important factor which determines its bioavailabil-
ity to the plants. It is found that the plant more readily takes up NPs with higher
mobility. Despite the fact that soil is known to be exposed to various natural and
manufactured NPs, there is still limited information available on the potential
mobility of NPs in soil under environmental conditions. Previous studies have
shown that the ionic strength and type of cation present in the soil/sand have a
significant effect on the mobility of NPs (Saleh et al. 2008). Higher ionic strength
limits the mobility of NPs in the soil column. In another study on the transport of
cerium oxide NPs in silica, the concentration of divalent cations, electrolyte con-
centration, pH, and concentration of NP in media also influence the mobility of NPs.
Ionic strength was found to play a major role in mobility of NPs in soil media. An
increase in attachment efficiency and particle size was found at lower ionic strengths
(1–10 mM KCl). An increase in attachment efficiency with increasing particle size
was observed (Pelley and Tufenkji 2008). Apart from ionic strength, the presence of
natural soil organic matter also plays a crucial role in governing NP mobility in
aqueous media (Keller et al. 2010). In case of TiO2 NPs, humic acid content and pH
of soil were reported to play important roles in affecting NP mobility in the soil
column. The pH of soil was found to determine the interaction of NPs with the soil/
sand surface (Chen et al. 2012). Graphene oxide NP mobility in sandy soil was found
to be dependent on soil texture, flow velocity, ionic strength, and humic acid content.
This study also mentioned that humic acid enhances the mobility, while higher ionic
strength limited the mobility of NPs in soil (Qi et al. 2014). The translocation of NPs
in the living systems can be decreased by increasing the thickness of the biological
barrier and decreasing the mobility (Birbaum et al. 2010). The analysis of findings of
literature indicates that NPs are quite mobile in the soil, and their movements in soil
column under given environmental conditions need to be understood properly to
determine their potential environmental risks. Mobility seems an important factor
when assessing bioavailability to plants, but most of the studies had been found in
soil column under laboratory conditions. In addition to this, the effect of environ-
mental factors, mainly soil properties, on mobility under given environmental
conditions is missing from the literature and, thus, need to be studied.

9.3.3 Feasibility of Aggregation in Pore Water/Soil

Aggregation means a cluster of NPs of any form. The NPs can be aggregated with
soil, bacteria, and among themselves. Aggregation of NPs depends on different
NP-related characteristics, such as surface charge, size, concentration, and shape.
Aggregation of NPs was reported to be higher at high NP concentration due to the
higher chances of collisions between particles. On the contrary, the presence of
organic molecules is a barrier to the aggregation process of NPs (Keller et al. 2010).
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Due to gravity, heavier aggregates have a tendency to settle rapidly. Another study
mentioned that aggregation kinetics is controlled by ionic strength and total organic
content of soil as well (Conway et al. 2015). Another study mentioned that anionic
charges on humic substances play a major role in the aggregation and disaggregation
of ZnO NPs (Mohd Omar et al. 2014). The aggregation property of NPs determines
their fate and uptake in the environment. For TiO2 NPs, a combination of salt
concentration and ionic strength influences aggregation formation in the media
(Shih et al. 2012). Further, another study reported that the particle diameter and
salt concentration governed aggregation of the nC60 particle as well. Reports say
that the nC60 particle diameter was observed to be minimal in the presence of NaCl
but increased by more than sevenfold in the presence of CaCl2 (Wang et al. 2008).
Apart from the abovementioned factors, aggregation properties were also found to
be independent of pH (Keller et al. 2010). Presence of other metals in soil as soil
minerals can also promote NP aggregation (Cornelis et al. 2014). The soil compo-
nents, such as bulk soil, root zone, and pore water, also affect aggregation. For
example, another study found that soil pore water consisting of electrolytes affects
aggregation of NPs in soil media and helps in reducing the internal uptake of NPs in
plants as micron-size aggregated NPs cannot pass through the plant cell (Lee et al.
2008). The interaction of aggregated NPs with the plant root surface is different from
non-aggregated NPs. Still, limited literature is available on the interaction of aggre-
gated NPs with plant root surface. As soil is a heterogeneous mixture of various
components, the influence of all the factors of aggregation properties of NPs needs
detailed understanding.

9.3.4 Change in Surface Charge of Nanoparticle

The surface charge of NPs is an important characteristic which along with factors,
like pH, ionic strength, organic content, etc., affects the stability of NPs in soil media
(Tourinho et al. 2012). It is said that toxicity of NPs is dependent on many factors,
like size, shape, etc., but the surface charge is considered as one of the most
important factors (Dinesh et al. 2012). Therefore, the surface charge is the key to
controlling NP behavior in soil media and subsequently their transport and uptake in
living organisms. Among all NP-related parameters, the factors affecting the surface
charge of NPs in soil media are poorly understood, and thus, it requires an immediate
attention.

9.3.5 Dissolution of Nanoparticles in Pore Water/Soil

Once released into the environment, the NPs can remain as NPs or may release ions
in their environment. Dissolution is an important process, which controls the behav-
ior of NPs in suspension. Dissolution of NPs into ions can be governed by the size of
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the NP. Some of the parameters, like the ionic strength of media, NP size, shape and
surface charge, pH of media, the concentration of dissolved oxygen, temperature,
and complexing agents like organic matter, either enhance or suppress NP dissolu-
tion in the media. Among all, NP size is one of the most important parameters that
control dissolution (Elzey and Grassian 2010; Conway et al. 2015). Some studies
also say that the pH of the solution and surface charge are among the two important
factors governing stability of NPs in aqueous solution (Fang et al. 2009). Some other
studies identified the remarkable effect of surface coating on NP dissolution in ions.
This study also highlighted the effect of ionic strength on dissolution (Li and Lenhart
2012). Bare NPs were found to be non-stable and have higher tendency to give ions
as compared to coated NPs in soil media (Hedberg et al. 2015). In addition to these
NP-related parameters, other soil properties, such as soil organic matter, clay
content, and soil moisture and root exudates, affect NP dissolution in the soil.
Among all, soil pH appears to be one of the key factors affecting the behavior of
metal NPs in soil (Read et al. 2016). Temperature also plays a major role in
determining the degree and rate of NP dissolution (Kittler et al. 2010). The surface
area of NPs was also found to play a major role in determining the degree of
dissolution of NPs with higher dissolution rate for smaller particles (Waalewijn-
Kool et al. 2013).

9.4 Nanoparticle Characteristics and Uptake in Edible
Plants

The NPs of different sizes display different behaviors toward the plants. For exam-
ple, a study on tobacco plant reported internal uptake of gold NPs in the plant was
found to be size-dependent. The smaller-size gold NPs (3.5 nm) were taken up
internally, while 18 nm size NPs remained agglomerated on root surfaces. Gold NPs
(3.5 nm) also resulted in leaf necrosis (Sabo-Attwood et al. 2012). In another study,
the effect of two different sizes of CeO2 NPs was also studied on cucumber plants
where the higher content of Ce was noticed for 7 nm CeO2 in root and shoot portions
than 25 nm CeO2 NPs for exposure concentrations of 2, 20, and 200 mg/L (Zhang
et al. 2011). In some cases of seed germination studies, size has not shown any clear
inhibition. For example, exposure of AgNPs (concentration 0–100 mg/L and size
1–20 nm) to barley and flax seeds has not shown any clear effect on germination of
seeds (El-Temsah and Joner 2012). In addition, there is evidence that the smallest-
size TiO2 NPs were observed to be accumulated in roots and distributed in wheat
plants; however, it did not affect germination of wheat seeds (Larue et al. 2012).

The NPs have a tendency to aggregate on soil surface due to some physical forces
or strong bond and hence are available for uptake in plants. One study states that soil
colloids can act as a carrier of strongly adsorbed NPs onto the soil surface (e.g., soil
clay material). For example, in ZnO NP-treated corn plants grown in soil media,
aggregated ZnO NPs was observed to be present on the epidermis of the root and then
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later move to the endodermis through the symplastic pathway (Zhao et al. 2012a).
Another study found that electrolyte present in soil pore water affects aggregation of
NPs in soil media (Lee et al. 2008) and thus reduces their internal uptake by plants. It
further helps in reducing phytotoxicity of NPs to plants in soil media (Lee et al. 2012).
A comparison of fate and toxic effect of NPs and bulk is also an interesting dimension
to study as bulk materials show higher uptake than their NP counterparts (Dimkpa
et al. 2012).The NPs and ions display a different level of uptake in plants (Lin and
Xing 2008). Various environmental factors govern NP-ion exchange. Exposure of
sweet potato to ZnO, CuO, and CeO2 NPs and their ion counterparts (equivalent
amounts) (Zn+2, Cu+2 and Ce+4, and metals) was observed to be accumulated in both
the peel and flesh of the sweet potato tubers with the highest concentration of Zn
followed by Cu. This study also stated that added NPs underwent dissolution in soil
media to release their ions before accumulation (Ebbs et al. 2016b). Carrot (Daucus
carota) grown with ZnO, CuO, or CeO2 NPs and Zn2+, Cu2+, or Ce4+ in sand media
resulted in higher metal content for the ionic treatments than for the NPs in root portion
(Ebbs et al. 2016a). In addition, NPs showed reduced accumulation than the ionic
treatments in the edible tissues of carrot (Ebbs et al. 2016a).

The internalization and transport of NPs in plants can be understood based on the
physicochemical characteristics of NPs near the plant roots. The abovementioned
studies demonstrated that NP characteristics, like size, surface charge, mobility, and
dissolution, play an important role in internal uptake within edible plants. In spite of
the proven fact, studies on the effect of NP properties on uptake are limited. The
behavior of NPs in the presence of other NPs remained unexplored. The NPs had
been found to interact with other NPs in an antagonistic and synergistic manner
(Singh and Kumar 2016), but still more studies in realistic environmental conditions
are needed.

9.4.1 Effect of Nanoparticle Type on the Uptake in Edible
Plants

Different manufactured NPs have different properties that influence their uptakes in
plants. Several studies have exposed edible plants with different NPs at the same
concentration level and observed different levels of internal uptakes of different
types of NPs exposed. For example, when cucumber was grown in soil media in the
presence of CeO2 and ZnO NPs (400 and 800 mg/kg loadings, respectively), higher
bioaccumulation was observed for Zn (110 mg/kg dry weight) than Ce (1.27 mg/kg
dry weight) in the fruit portion of the plant (Zhao et al. 2013). Another study (Song
et al. 2013) compared uptakes of TiO2 NPs and Ag NPs in tomato plants and
observed that at the highest exposure concentration of 5000 mg/kg soil, the Ti and
Ag metal contents were found to be 163 and 653 mg/kg seed weight, respectively.
This study also reported that Ag NPs were observed to be uptaken at a higher rate
than TiO2 NPs. Another study on exposure of sweet potato (Ipomoea batatas) with
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CuO, ZnO, and CeO2 NPs (concentration range: 100, 500, or 1000 mg kg/dry
weight) reported accumulations of 90 mg/kg Zn, 24 mg/kg Cu, and 5 mg/kg of Ce
in unpeeled tumor of sweet potato (Ebbs et al. 2016b). Exposures of CuO and ZnO
NPs to sand-grown wheat plants (concentration: 500 mg/kg sand) resulted in the
accumulation of Cu (19 mg/kg) and Zn (88 mg/kg) in shoot portions of the plant
(Dimkpa et al. 2012). Irrigation of tomato plant with metal oxides (CeO2, Fe3O4,
SnO2, TiO2) and metallic (Ag, Co, Ni) NPs resulted in metal accumulations (mainly
for the case of metal oxide-based NPs) in the root portion of tomato and metal
accumulations in both root and shoot portions (for the case of metal-based NPs)
(Vittori Antisari et al. 2015). CuO and ZnO NPs were exposed to spinach plants in
soil media, and higher uptake was observed for ZnO NPs at highest exposure
concentration (Singh and Kumar 2016). Another study exposed TiO2 NPs and
multi-walled carbon nanotubes (MWCNTs) to red clover and wheat, grown in soil
media in a pot, and reported limited mobility of TiO2 and multi-walled carbon
nanotube NPs in the soil. Ti uptake and multi-walled carbon nanotube uptake in
plants were found to be independent of the exposure concentration (Serag et al.
2011). All the mentioned studies suggest that the NP uptake in plants is highly
dependent on the type of NP exposed to the plants, and thus NP and plant interaction
has to be understood for different combinations of plants and NPs.

9.4.2 Effect of a Mixture of Nanoparticles on the Uptake
in Edible Plants

The effluent and biosolids from wastewater treatment plants contain a complex
mixture of organic matter and inorganic salts (Ma et al. 2014). The NPs present in
the soil might encounter other pollutants, including other NPs present in the vicinity.
The NPs may interact among themselves based on their size, shape, chemical
composition, solubility, surface area etc. The mixture of NPs may interact either in
an additive or synergistic or antagonistic manner which, in turn, affects the internal
uptake of NPs in edible plants (Jośko et al. 2017). A study focusing on the effect of a
mixture of NPs on plant growth and their uptake in plants is important, as there is a
chance of co-occurrence of more than one type of NPs in water, which may present a
situation where plants are exposed to more than one type of NPs simultaneously. An
increase in the widespread application and use of NPs will inevitably lead to the
co-occurrence of different NPs in the environment (Yu et al. 2016). In general, the
environment is generally exposed to complex mixtures of contaminants. However,
most of the studies have mainly focused on understanding the effect of single
contaminants on plants under laboratory conditions (Pavlaki et al. 2011). Therefore,
studies focusing on understanding the effects of the mixture of NPs on plants rather
than the effect of a single NP reflect ecosystem pollution more realistically. Very few
studies on understanding the effect of a mixture of NPs on plants are present in
literature. A study assessed the effect of mixtures of NPs, believed to be toxic (ZnO
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NPs and CuO NPs) and nontoxic NPs (TiO2 NPs, Cr2O3 NPs and Fe2O3 NPs), on
four plant species, Lepidium sativum, Linum usitatissimum, Cucumis sativus, and
Triticum aestivum, and observed that the mixtures of NPs were found to be signif-
icantly lesser toxic than individual NPs (Jośko et al. 2017). Another study on
spinach, exposed to a single and binary mixture of CuO and ZnO NPs, suggested
a significant reduction in uptake of NPs as compared to control spinach plants (Singh
and Kumar 2016). Until date, most of the studies have been conducted with the
combination of metal ions, salts, and NP-metals. However, the effect of a mixture of
NP with NP/metal ions on the uptake in edible plants needs further research.

9.5 Effect of Root Type on the Uptake

The NP with a unique property of making stable colloidal suspensions in water has
resulted in growing concern over possible accumulation in edible parts of plants and
its subsequent effect in the food chain. All edible plants are categorized into monocot
and dicot plants with the main difference in the positioning of xylem and phloem.
Monocot roots have their vascular bundles arranged in the form of a ring. Dicot roots
have their xylem present in the center of the root and phloem present outside the
xylem. Manufactured NPs present in soil may accumulate at the external root
surfaces of transpiring plants and are transported to other parts of the plant as well.
As xylem structures determine the speed of water transport, different xylem struc-
tures have been observed to demonstrate different uptake kinetics of nanoparticle
(Ma et al. 2010b). Another study mentioned that monocot roots have siderophores
which result in binding/adsorption of metals (Jacob et al. 2013). In addition, a
previous study mentioned that monocots exhibit a lesser tendency to uptake NPs
due to their root structure.

Studies have also reported the effect of the presence of root exudates on metal
uptake in plants. For example, a study found that dicot plant root has better ability to
uptake metals from the soil than monocot plant root due to the differences in root
exudates (Pappas et al. 2017). The possible reason behind the difference of behavior
was attributed to the presence of organic acid in root exudates of dicot which might
have resulted in lowering of pH in the vicinity of root and, thus, in solubilizing
metals (Pappas et al. 2017). Another report on the toxicity of NPs on mung bean
(dicot) and wheat (monocot) showed that bean was observed to be more sensitive to
NP toxicity than wheat due to differences in their root anatomy. Mung bean has large
primary root and several smaller lateral roots, while wheat is a monocot with
numerous small roots without a primary root (Rico et al. 2011). Another study on
wheat (monocot plant) mentioned that different plant species behave differently
regarding accumulation and excretion of metals, which can also be found for the
case of NPs as well (Cifuentes et al. 2010). Similarly, many different studies have
reported differential uptakes of NPs in monocot and dicot plants (Jacob et al. 2013;
Wang et al. 2017; Ruffini Castiglione et al. 2011; Ma and Quah 2016). Overall,
analysis of these studies indicates that uptake of NPs in plants differs due to the
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difference in root characteristics, root morphology, and anatomy. These observations
indicate that uptake of NPs in the plant might also depend on root type, and thus
plants with different types of root might uptake NPs differently. The information that
dicot plants are expected to uptake NPs more than monocot plants suggests that
irrigation using NP-containing wastewater can be explored for dicot plants than
monocots as this situation is expected to result in lesser uptake of NPs in plants and,
thus, lesser toxicity to plants as well.

9.5.1 Effect of the Role of Root Exudates on the Uptake
of NPs in Roots

The plant roots exudate a wide variety of organic compounds, such as sugar, organic
acids, polysaccharide, and enzymes, and account for the largest source of soil
carbon. These exudate compounds help plants and microorganisms in various
ways. The root exudates function as plant defense system below the ground
(Martinoia and Baetz 2014). It consists of a wide variety of chemical secretions
from the root which regulate soil microbial communities in the vicinity of the plant.
This further helps in the establishment of symbiosis which benefits plant growth
(Winkel-Shirley et al. 2001). In addition to this, the exudates maintain and support a
highly specific microbial community in the rhizosphere of a particular plant type
(Badri and Vivanco 2009). The rhizosphere of the plant also houses a rich microbial
community (more than 1000 bacteria/g soil) (Vacheron et al. 2013). The monocot
and dicot plants have different characteristics of root exudates due to their different
abilities of metal accumulation. The difference in the type and nature of root
exudates also governs the uptake of ions and NPs in edible plants by facilitating
aggregation and internal uptake (Schwab et al. 2015). Some studies have illustrated
the role of root exudates in facilitating NPs’ internal uptake in edible plants. A study
on cucumber states that root hairs and root cells secrete polysaccharide-rich muci-
lage, which may contain negative charge. Some of the NPs are positively charged
(at neutral pH) and thus can get attracted to the negatively charged root. The
electrostatic attraction results in physical adsorption of NPs on the root surface.
Another study on ceria NPs with cucumber plants states that the root exudates
excreted organic acids and other reducing substances, which can play important
roles in NP dissolution. The released ions are accumulated on the root surface and
intercellular spaces and can get accumulated in shoot portions of the plants (Zhang
et al. 2012). Quantum dots were also found to combine and react with plant root due
to the presence of protein, amino acids, and sugars in root exudates (Al-Salim et al.
2011). The root exudates can modify the surface of the NPs in soil (Dimkpa et al.
2013). One more study confirms the role of root exudates in adsorption and
dissolution of NPs, and their subsequent transfer to root and shoot portions of the
plant is facilitated in the presence of hydrated polysaccharide secreted from the root
(Ma et al. 2010c).
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Monocots and dicots have different morphology and anatomy of root and thus
have a difference in the nature of root exudates. Roots have been shown to secrete
different types of root exudates for obtaining metal nutrients from the soil (Judy et al.
2012). The monocot plant secretes siderophores from their roots as exudates and is
able to maintain the negative charge in the rhizosphere at neutral pH and low ionic
strength. This, in turn, helps in agglomeration of NPs in the presence of root exudate
(Dimkpa et al. 2013). Therefore, it can be concluded that the differences in type and
amount of root exudates among plant species might also affect uptake of NPs in
plants, either by facilitating uptake in plants or by inducing NP aggregation (Judy
et al. 2012). Figure 9.3 shows the possible interaction of NPs with rhizosphere of the
plant in the presence of root exudates.

9.6 Nanoparticle Transport in Plants: Possible Routes

The uptake of nanoparticles in edible plants depends on many factors like plant
species, the age of the plant, and nanoparticle properties (nature of nanoparticles,
size, surface charge, etc.). The nanoparticles can get accumulated in the root, shoot
leaves, and edible parts based on plant- and NP-based properties (Raliya et al. 2015).
There is still a paucity of data on understanding nanoparticle uptake, translocation to

Fig. 9.3 A schematic showing possible interaction of NPs with rhizosphere of the plant. Root hairs
are exposed to NPs, ion, and other soil-related constituents. NPs interact with each other and with
soil and pore water constituents, which finally affect NP’s fate in soil and NP’s uptake by root hairs.
The image in the inset shows a big-picture schematic of the interaction of NPs with root and its
upward transport within roots and other parts of plants
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edible parts, and biotransformation of nanoparticles in edible plants. Although our
understanding of plant-nanoparticle interactions has advanced in the past decade, the
mechanisms of nanoparticle transport from the root to shoot and portions of the
plant’s tissues are still lacking. Many theories had been proposed (described below),
but still a clear understanding is missing.

Figure 9.4 shows the possible ways through which NPs can enter inside the plant
through the root zone. The various pathways were denoted as 1, 2, 3, 4, 5, 6, and 7 in
the figure. Plasmodesmata are the membranous structure, which connects plant cell
through the cytoplasm. This controls the movement of different molecules from one
cell to another, which is called as symplastic pathway (pathway #1).

Apoplastic pathway (pathway #2) includes the movement of molecules through
the extracellular spaces outside the plasma membrane, cell wall, and intercellular
spaces (Milewska-Hendel et al. 2017). The NPs can penetrate the cell wall and
membrane of the root epidermis and can then enter the xylem portion of the plants.
For example, Zhao et al. (2012a) studied the uptake of Zn and ZnO NPs in corn
plants exposed in sandy-loam media and reported that the soil colloids acted as
carriers of strongly adsorbed NPs, and soil clay minerals helped in the aggregation of
Zn/ZnO NPs. These aggregated NPs penetrated the root epidermis and cortex
(through the apoplastic pathway) and xylem (through the symplastic pathway)

Fig. 9.4 A compilation of different literature-reported proposed mechanisms for nanoparticle
(NP) internalization in plants through the root. Mechanisms are (1) symplastic pathway,
(2) apoplastic pathway, (3) entry through holes created by nanoparticles, (4) apical meristem of
root tip, (5) entry through pores on the cell wall, (6) entry to other parts of plants through xylem and
phloem, (7) entry through interaction with capillary forces
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(Zhao et al. 2012a). In another study, cerium oxide NPs were observed in plant
tissues implying that NPs can move along with the water flow to other parts of the
plant once it enters into the vascular bundle of the plant (Zhang et al. 2011). Another
study says that CeO2 NPs might have entered through the apoplastic pathway as
aggregates were found in cell walls of the epidermis and cortex (as observed using a
confocal microscope) and vascular bundles (as observed using a micro X-ray
fluorescence) (Zhao et al. 2012b). In another study, the movement of gold NPs in
barley was investigated by puncturing the root and directly applying the NPs in root
cells. It indicated no translocation, suggesting no apoplastic and symplastic move-
ments in barley plants (Milewska-Hendel et al. 2017). The plants follow different
pathways for the uptake of NPs. The apoplastic pathway in maize was identified for
movement of quantum dots (Hu 2010), and symplastic pathways were identified for
wheat and maize (for silica NPs) (Sun et al. 2014). A combination of apoplastic and
symplastic pathways was observed in rice during exposure to carbon NPs (Lee and
Lu 2011). Plants, like barley, were not reported to uptake gold NPs regardless of
their size and concentration (Milewska-Hendel et al. 2017).

NPs can increase the permeability of plant cells by creating “holes” on root cells
(pathway #3). The NPs are also known for creating nanoscale holes on the mem-
brane (15–49 nm in diameter) which facilitate NPs’ internal uptake in plants (Zhu
et al. 2012). The smaller NPs have a capability to create new root pores due to their
higher surface reactivity, resulting in high mineral and nutrient uptake (Raliya et al.
2015). Another study (Lin and Xing 2008) reported that ZnO NPs might have
created holes (pathway #3), leading to increase in the permeability of plant cell
walls and thus increase in entry and transport of NPs into the cell via plasmodesmata.
The apical meristem (pathway #4) part of the plant has high porosity due to active
cell division. In addition, this part also facilitates faster transport of NPs due to
underdeveloped Casparian strip and easy diffusion to xylem vessels (Zhang et al.
2011). In addition to the abovementioned mechanisms, the NPs can be transferred to
other parts through the vascular system (pathway #5). For example, Lin et al. (2009)
observed that the C70 NPs can share the vascular system of the plants and are
transported along with water and nutrients. Further, they also observed that C70 NPs
were found to leak into nearby tissues after aggregation within the vascular system.
The vascular system is responsible for the bio-distribution of NPs in plants. The soil-
mediated NPs exposed are transported to the xylem in a unidirectional way (Raliya
et al. 2015). Another study (Rico et al. 2011) mentioned that NPs undergo
bio-transformation using humic acid and root exudates and are internally taken up
by the root.

The pore in the cell wall of a living plant cell is also one of the important entry
points for NPs (pathway #6). It is reported that the diameter of the pores can limit
entry of NPs. The diameter of a typical pore in the cell wall of plant cells is 3.5–5 nm.
The NPs having size less than 3.5–5 nm can easily get access to the plant system (Lin
and Chen 2009). This provides a sieving property to the plant cells. If the size of NPs
is larger than the pore of the root, NPs form an aggregate on the surface (Siddiqi and
Husen 2017). Another study (Larue et al. 2012) observed that the TiO2 NPs above a
threshold diameter of 140 nm were not observed to be accumulated in wheat roots.
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Further, this study also noted that TiO2 NPs above 36 nm could not reach the stele
and cannot be translocated to the shoot portion. Other factors like osmotic pressure
(pathway #7) and capillary forces (7) can also play a major role in the upward
movement of NPs in plants (Lin et al. 2009). It appeared that the movement of NPs
inside the plant is specific to plant type and NP type exposed. As different plants
have their specific root morphologies and anatomies, the cellular structure and cell
wall pore size are different. The uptake properties of plants are highly variable, and
literature does not show any explicit mechanism of translocation of NPs in plants.
Very clearly, the interaction mechanism between plants and NPs is still not clear, and
thus, this aspect deserves an in-depth investigation. There are various possible routes
for the entry of NPs inside the plants, and various routes might be involved in NP
transport simultaneously, which makes it difficult to understand as per the available
knowledge. Thus, a detailed study for explicitly bringing out the effects of each
pathway is required.

9.6.1 Studies on the Effect of NPs on Multiple Generations
of Plants

Nanomaterials are present in a number of commercially available products, but there
are uncertainties as to whether the unique properties that support their commercial
usages may also pose potential health risks. The trans-generational effects in edible
plants are necessary for understanding the genetic effects of NPs and subsequent
effect on progenies. Information is missing concerning the influence of
nanomaterials on the overall reproductive outcome and trans-generational effects
in animals and plants (Poma et al. 2014). Although no study had been found
focusing on multiple generation effects of NPs on edible plants, Table 9.2 compiles
the available literature on multiple generation effects of NPs in edible plants.

The multigenerational and long-term exposure to NPs altered the plant physio-
logical and biochemical responses in subsequent generations of plants. The studies
on the effect on multiple generations of the plants due to NP exposure are still
lacking in the literature. Effect of a mixture of NPs on multiple generations of plants
is another important aspect with limited knowledge. The potential impacts of these
processes on both food safety and the environment are important subjects to
understand.

9.7 Summary and Conclusions

The edible plants can be exposed to NPs through sludge application and wastewater
irrigation. The uptake of NPs in edible plants is governed by many factors. Some
factors are NP-based (size, shape, charge, the rate of dissolution into ions,
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Table 9.2 Compilation of findings of studies on trans-generational effect of nanoparticles (NPs)

Focus/reference
Plant/nanoparticles/
concentration/factor Conditions/focus Findings

Uptake, Translocation,
Accumulation, Trans-
formation, and Gener-
ational Transmission
of Nanoparticles in
Plants (Shukla et al.
2016)

Review paper Reviews the current
scenario of pathways,
mechanisms, and pat-
terns of uptake, trans-
location, accumula-
tion, transformation,
and generational
transmission of NPs in
plants

NPs can pass through
multiple generations
of the plants

Trans-generational
impact of cerium oxide
nanoparticles on
tomato plants (Wang
et al. 2013)

Tomato/CeO2/trans-
generational effect

CeO2 NPs (10 mg/L)
exposed to tomato
through their life
cycle; effect on seed
quality and develop-
ment of next-
generation seedlings
(parameters: biomass,
transpiration rate, and
reactive oxygen spe-
cies content)

The next-generation
seedlings were
smaller and weaker
and have smaller bio-
mass, lower water
transpiration, and
higher reactive oxy-
gen species content
and accumulated a
higher amount of
ceria

Uptake, Translocation,
and Transmission of
Carbon Nanomaterials
in Rice Plants (Lin
et al. 2009)

Carbon
nanomaterials/rice/
20, 40, 80,
400, 800 mg/L/
trans-generational
effect

To investigate the
generational transmis-
sion of nanomaterials
C70 in rice seeds, to
explore trans-
generational impacts,
to develop seeds from
the C70-treated plants

Dynamic uptake, dis-
persion, and change
of fullerene C70 in
rice plants; transmis-
sion of C70 to the
descendants through
seeds

Multigenerational
exposure to cerium
oxide nanoparticles:
Physiological and bio-
chemical analysis
reveals transmissible
changes in rapid
cycling Brassica rapa
(Ma et al. 2016)

Brassica rapa/
CeO2/0–1000 mg/L/
multigenerational
effect CeO2

To assess physiologi-
cal and biochemical
consequences of
multigenerational
(three) CeO2 NPs

The second and third
generation displayed
slower plant growth
and smaller biomass;
the numbers of seeds
produced reduced in
the third-generation
plant by over 50%
plants contained
higher concentrations
of hydrogen peroxide
in their tissues

Investigating the long-
term effect of
nanoparticles on the
growth of Raphanus
sativus plants: a trans-
generational study
(Singh and Kumar
2017)

Raphanus sativus/
ZnO and CuO NPs/
10, 100, and
1000 mg/kg/trans-
generational effect

Trans-generational
impact on radish plants
due to exposure of
CuO and ZnONPs as a
single compound and
as a binary mixture

The treated second-
generation seeds had
smaller seed weight.
The second-
generation have accu-
mulated Cu and Zn
from parent plants;
the effect of toxic
interaction between
CuO and ZnO on
plant growth was
antagonistic in nature



aggregation properties) and some are soil-based (pore water chemistry, rhizosphere
chemistry, microbiota of soil). The change in NP characteristics in the root environ-
ment of soil and effect of soil properties on the change in NP characteristics are some
important data gaps and seek immediate attention. In addition to this, different types
of NPs (carbon-based, metal-based, metal oxide-based) and plant (monocot and
dicots) have different uptake and bioaccumulation potential. The NPs also have
long-term and multiple generation effects on edible plants with effect on progenies.
Table 9.3 summarizes the major data gaps identified for understanding NP uptake in
edible plants.

Despite the rapid progress in the area of NPs and plant in the past decade, still, we
are in the initial stage of our understanding. Numerous questions, important to
scientific and public communities, need to be investigated. Through this work, we
tried to investigate the soil-nanoparticle-plant nexus for understanding uptake in
edible plants. For this, we reviewed the literature from the last decade and summa-
rized their findings in this study. The NP properties and soil properties are two major
factors playing an important role in internal uptake and bioaccumulation in edible
plants. Internal uptake of NPs in environmentally relevant condition and understand-
ing the effect of NP composition, size, mobility, and dissolution state on uptake
kinetics still lack attention. Previous work indicated that internal uptake is NP- and
plant-dependent, yet some questions like why some plants have more/less uptake
capability, uptake mechanism for trans-generational studies, and behavior in the
presence of a mixture of NPs are still unanswered. The answer to these unanswered
questions has direct implications toward food safety. In the end, all these data will be
important to the scientific community for prioritizing NPs and plant species with
higher accumulation capacities.

Nanotechnology in the agricultural sector is anticipated to become a driving
economic force in the near future. Long-term and short-term exposures of NPs can
have a negative effect on plant’s health. Some metal and metal oxide NPs can have
substantial negative effects at cellular levels as well. The present paper documents
various factors affecting uptake of NPs in plants. In addition to these various aspects,
NP-related properties effecting phytotoxicity should be documented before promot-
ing the application of nanotechnology (Yang et al. 2017). Unavoidable use of
pesticides in the agriculture sector has increased exponentially due to increase in
population and growing food needs. In this case, food safety is a growing concern
among the scientific community. Nano-encapsulation of chemicals used in agro-
chemicals is relatively new and in the very early stage of development. This
technology aims to reduce the indiscriminate use of agrochemicals and increase
crop productivity and food safety (Nuruzzaman et al. 2016). In addition to this,
nanotechnology has also served as a source of nutrient to the plants in the form of
nanofertilizers as well. Nanofertilizers are considered to boost stress tolerance and
nutritional quality (Morales-Díaz et al. 2017). However, detailed studies on the
effect of these nanofertilizers on plant health, toxicity to organisms, biodiversity,
etc. must also be studied. These are some of the limitations of the present work and
need detailed understanding in the future. In addition to this, studies on understand-
ing NP characteristics in root environment; changes in NP properties like size,
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Table 9.3 Summary of identified data gaps and recommended future work

Parameters Identified data gaps Recommended future work

Size of nanoparticles
in soil

Effect of factors like electrolyte
concentration, ion types (monova-
lent, divalent ions, and mixture),
ionic strength of soil, humic acid
content, the texture of the soil, soil
type, and concentration on the size
of NPs in irrigation water and soil
need to be understood

Characterize NPs in the root
environment

Study changes in NP properties
like size, charge, and shape during
their transport in agricultural soil

The mobility of NPs
in soil

The mobility of NPs in soil
(applied as irrigation water or
sludge) under various governing
factors like soil pH, organic matter
content, soil texture, and ionic
strength needs to be understood

Study effect of environmental
factors on NP behavior in agricul-
ture soil

Effect of different types of soil
(clay, sand, silt, and humus con-
tent) on mobility as it affects soil
pH, which in turn governs mobility
of NPs in the soil, needs to be
understood

Study fate of NPs in irrigation
water and pore water

Other factors like the effect of light,
temperature, soil humidity, and
presence of soil microbiota can
also affect NP mobility in the
environment and should be taken
into consideration

Study fate and transport of NPs in
soil column with and without
plants (it can aid in understanding
the effect of root environment on
size, mobility, dissolution of NPs)

The mobility of NPs in the pres-
ence of a mixture of other NPs
should also be taken into
consideration

Study effect of pore water chem-
istry, rhizosphere chemistry, and
microbiota of soil on NP uptake in
plants

Mobility under dynamic flow
conditions needs to be explored

Aggregation of pore
water and root
environment

The pore water chemistry needs to
be properly understood

Another important factor affecting
aggregation properties of NPs is
bacteria and fungi present on root
surface which needs more
research

Aggregation properties of NPs
during transport in soil under nat-
ural conditions need research

Change in surface
charge in pore water
and root environment

Quantification of different proper-
ties affecting the surface charge of
NPs needs to be understood

(continued)
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Table 9.3 (continued)

Parameters Identified data gaps Recommended future work

Change in surface charge of NPs
under different soil-based proper-
ties need to be understood

Effect of surface charge on the
bioavailability of NPs in plants
across different soil types, con-
centration ranges, and timeframes
needs to be understood

Effect of type of
nanoparticle on the
uptake in edible
plants

Uptake is dependent on NP type
(metal, metal oxide, carbon
nanotubes, quantum dots), and thus
it is necessary to understand the
fate and transport of these NPs

Use different NPs in uptake
studies and understand impacts

Information on uptake and accu-
mulation potential of NPs in edi-
ble plants in the presence of other
contaminants (e.g., other NPs) is
needed

Type of plant on NP
uptake

Accurate and precise uptake
mechanism of NP through mono-
cot and dicot roots in soil media
needs to be understood

Use different plant types
(monocot, dicot), NPs (size,
surface charge, shape, etc.),
and soil (pH, organic matter,
temperature, texture, etc.), and
study their effects on uptake
quantification and mechanism

Mechanism of NP
uptake in plants

The mechanism of NP uptake in
plants is still not very well
understood

Use advanced methodologies for
obtaining more precise informa-
tion and for conducting accurate
characterization of NPs in edible
parts of plants (it may help in the
quantification of NPs in edible
parts of the plants)

Understanding of various factors
governing the movement of NPs in
plant system is not clear

Conduct study to investigate the
effect of NPs on cellular and
genetic level

Effect on NP-related properties like
size, surface charge, aggregation,
and mobility on their movement in
xylem and phloem is not studied

Conduct study to obtain
information on reactions and
processes responsible for the
biotransformation of NPs in plants

The dissolution of ions from NPs
(outside the plant, in soil, or inside
the plant, after uptake) needs
clarification

The change in uptake of NPs in
the presence of other NPs in a
plant environment is lacking from
the literature and needs attention

(continued)
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charge, and shape during their transport in agricultural soil; and fate in irrigation
water and pore water are needed. In addition to this, studies on uptake quantification
in edible parts of plants, the effect of NPs on cellular and genetic levels, processes
responsible for the biotransformation of NPs in plants, and the effect of single and a
mixture of NPs on next and multiple generations of plants need immediate attention.

Exposure of NPs in agriculture soil has raised concerns over food safety. An
understanding of the factors involved in uptake of NPs in edible plants can help in
minimizing risk, and the scientific community can use this information to prioritize
NPs and plant species with higher accumulation capacities. The irrigation and sludge
application ultimately leads to slow accumulation of NPs in the soil. Plant roots are
the only way for the entry of these NPs in the edible parts of the plants. In this work,
we have focused on the various NP-based, soil-based, and root-based factors which
can possibly play an important role in the movement of NPs inside the plants.
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Abstract Nanotechnology is the engineering and art of manipulating matter at the
nanoscale. The adaptability of physical and chemical properties of metal, semicon-
ductor, noble, and composite nanoparticles renders them as promising materials in
the fields ranging from optoelectronics to sensors. These nanoparticles or their self-
assemblies are able to distinguish the mixtures of gases, volatile organic compounds,
and others. Detection of pollutant, toxic, refining, and combustible gases is signif-
icant for framework and process control, safety monitoring, and environmental
safeguard. In the last two decades, there have been essential improvements in two
key areas that may make this guarantee a reality. First is the improvement of a
diversity of excellent performing nanostructured metal oxide semiconductors
(MOSs), the most commonly utilized materials for gas sensing. Second are advances
in very low power loss reduced heater elements.

Here we review an overview about the principles and the technologies used in
solid-state gas sensors. These devices work by measuring a physical property
changed by adsorption/desorption processes and chemical reactions on the surface
of a sensing element, i.e., a solid-state film of a gas-sensitive material. Some of the
most used kinds of solid-state gas sensors are here described jointly with new sensor
technologies in progress for commercial exploitation in the future. The analysis of
different parameters of metal oxides and the search of criteria, which could be
utilized through material chosen for solid-state gas sensor applications, were the
main objectives of this chapter. Finally, the future horizons of such semiconductor
nanomaterials for gas-sensing applications are also highlighted.

Keywords Gas sensor · Nanomaterials · Metal oxide semiconductor · Conducting
polymers · Environmental monitoring · Sensing materials · Sensitivity · Gas sensors
applications

Abbreviations

AACVD Aerosol-assisted chemical vapor deposition
BAW Bulk acoustic waves
CVD Chemical vapor deposition
IDT Interdigitated transducer
MEMS Micro-electrochemical systems
MHP Microhotplate
MOSs Metal oxide semiconductors
NDIR Nondispersive infrared
PECVD Plasma-enhanced chemical vapor deposition
PEM Proton exchange membrane
QCM Quartz crystal microbalance
QMB Quartz microbalances
SAW Surface acoustic wave
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VOC Volatile organic compounds
YSZ Yttria-stabilized zirconia

10.1 Introduction and Historical Overview

In the last decade, the applications of nanomaterials have received increasingly
magnificent attention in the field of nanotechnology, biotechnology, and
bioanalytical chemistry. With regard to environmental applications, nanotechnology
displays the potential of novel functional materials, procedures, and devices with
unique effectiveness toward some contaminants, development of mobility in envi-
ronmental media, and desired application elasticity.

Over the past six decades, there has been an increasing request for cheap,
accurate, portable, and effective gas sensors that can distinguish between very low
concentrations of analytes. Typically, gases of interest include NO, CO, CH4, CO2,
NH4, SO2, NO2, and other hydrocarbons. These gases can be harmful to human
health if present outside a specific concentration. Historically, gas sensors were first
mostly used in coal mines where exact detection of hazardous gases has to be carried
out continually. Readily gas sensors were also beginning to appear in the chemical
industry, in environmental pollution sensing units, and in the human health strip.
Some other significant applications of gas sensors include the analysis of organic
vapors (methanol, toluene, benzene, etc.) for laboratory, industrial safety, diseases
diagnosis, and breath analysis for traffic safety (Wang et al. 1995; Mitsubayashi et al.
2004, McEntegart et al. 2000). An electronic nose, based on arrays of gas sensors for
testing aroma of food, perfumes and synthetic fragrances, etc., is one of the more
recent personifications of gas sensing that has received much interest owing to its
enhanced analytical power (Arshak et al. 2004).

Many fields of nanotechnology are based on physical and chemical interactions,
including nanoparticles of specific size and shape. Nanoparticles (NPs) played a
significant role in absorption/adsorption process of (volatile) organic molecules and
gases due to their large specific surface area and high surface energy (Chen et al.
2006a, b). Nanoscale inorganic materials have received significantly more consid-
eration because of their high chemical inertness, non-swelling influence, high purity,
and hardness (El Kady et al. 2016). In order to use the nanomaterials as sensors, one
has to understand the features of both the installation and interaction technique
during the sensing action. In recent years, the interest of scientists and engineers to
gas- and liquid-sensitive materials has grown extraordinarily because of the
advances in nanotechnology. This attention is fundamentally connected to the
promising electronic properties of nanomaterials, their size dependence, and the
potential of controlling the material structure by using new experimental methods
(El-Aassar et al. 2016). New generations of low-power, low-cost, and portable
sensing devices are needed for monitoring of chemistry, medical, agriculture, and
manufacturing environments. With the recent progress in nanoscience and
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nanotechnology, there is an urgent need for adaptable, mechanically durable, and
environmentally stable chemical vapor sensors with a high efficiency and low power
consumption. Among the major trends in the particle-gas-sensor nanotechnology,
the invention of sensor arrays or electronic noses should be listed. Such multi-sensor
systems can be fabricated on a single substrate, which can include gas sensors of
various types. There are many models of sequential productions of their nanostruc-
tured prototypes, which are able to discriminate the mixtures of gases, volatile
organic compounds, and odors (Font et al. 2011).

In recent years, great attention has been paid to inorganic nano-sized crystals
because of their significant characteristics determined by the high surface areas and
quantization of most electronic properties. Nanometer-sized inorganic particles
potentially have unparalleled properties because of quantum confinement effects
and their large surface area comparative to their volume. The versatility of physical
and chemical properties of metal and semiconductor nanoparticles renders them as
favorable materials in the fields extending from optoelectronics, sensors, to medi-
cine. Till now, great research attentions have been involved in preparation nanopar-
ticle assemblies because they represent a popular route toward the preparation of
advanced functional materials as well as a central concept in nanoscience and
nanotechnology (Elkady and Hassan 2015).

It has been known for a long time that electrical impedance of a semiconductor is
very sensitive to the presence of defects in its volume or at the surface. At the
beginning of the 1950s, Brattain and Bardeen gave the first proof that some semi-
conductor materials such as Ge change their resistance, depending on the atmo-
sphere they are in contact with (Brattain and Bardeen 1952). Subsequently, Heiland
furthermore found that metal oxides such as ZnO alter their semiconducting aspects
with a change in the partial pressure of oxygen or other gases in the surrounding
atmosphere (Heiland 1957). However, these results were not delicate further. The
same properties were reported for SnO2 with higher stability. These results started
further evolution of trade gas sensors.

Chemoresistive gas sensors were inserted for the first time 50 years ago. In 1962,
Seiyama used ZnO thin film as a sensing layer and was able to confirm that gas
sensing is possible with simple electrical devices (Seiyama and Kato 1962). He used
an unpretentious chemoresistive device based on ZnO thin films operating at the
temperature of 485 �C. The response of the sensing system to propane was about
100 times higher comparing with the thermal conductivity detector used at that time.

Then, in 1967 Shaver described the detection effects of oxide semiconductors
with small additives of noble metals such as Pt, Pd, Ir, and Rh (Shaver 1967). Since
that time, the sensitivity and selectivity of semiconductor sensing devices have been
developed dramatically, and the search of new sensing materials has been
concentrated.

At the beginning of the 1970s, Taguchi fabricated and patented the first
chemoresistive gas sensor device for practical applications using tin dioxide
(SnO2) as the sensitive material (Taguchi 1971). Certainly, after investigating
many sensitive metal oxides, he found that SnO2 has many advantage aspects
(e.g., higher sensitivity, low operating temperature, and thermal stability).
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In the late 1980s, the field of semiconductor gas sensors underwent a considerable
development and became one of the most attractive research areas within the sensor
society. The request for high-performance gas sensors with high sensitivity and
selectivity and faster response with low power consumption and reliability created
intense efforts in order to improve novel sensing materials. The quick development
of materials chemistry and the more extensive field of materials science have
prompted to a dramatic increment in the number of new sensing materials (Seiyama
1988; Yamazoe 1991).

Seiyama probably would not have been able to predict that, half a century after
the publication of his fundamental paper, research on gas sensor would consider a
significant role in daily life. Certainly, the most recent five decades, due to their
simplicity, small size, low cost, and ability to be integrated into electronic devices.
Chemical sensors have seen an increase in their application to a variety of fields,
including environmental monitoring, industrial emission control, vehicle emission
control, domestic security, agricultural, biomedical, etc. (Shimizu and Egashira
1999; Yamazoe 2005).

Several decades after the first published paper on SnO2 sensors, researchers
became the best-understood prototype of oxide-based gas sensors. It was well
known that the sensor properties may be changed by modifying the crystal struc-
tures, doping, preparation techniques, operation temperatures, etc. (Neri 2015).

Now, the expansion of semiconducting sensing materials is depending on oppor-
tunities presented by new nanotechnology. Furthermore, emerging nanotechnol-
ogies promise dramatic changes in sensor designs and abilities.

10.2 Review of Solid-State Gas Sensors

Gas sensors can be categorized according to the operation mechanism (semiconduc-
tors, flame ionization, photoionization, electrochemical, thermal conductivity, oxi-
dation, light scattering, catalytic photoionization, combustible, colorimetric, infrared
or ultraviolet, absorption, etc.). In this section a review on the various kinds of
sensors and their principle of operation will be discussed.

10.2.1 Catalytic Sensors

Catalytic sensors have been in use for almost a century to be used in detection of
combustible gases. Jonson invented the first catalytic combustion-type sensor in
1923 (Firth et al. 1973) which was used for the detection of methane in mines.
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Principle of Operation

Most kinds of metal oxides and their compounds have catalytic property. Combus-
tible gas mixtures do not burn until they get a specific ignition temperature; never-
theless in the presence of a particular chemical process, the gas will begin to burn
even at lower temperatures. This process is known as catalytic combustion. Catalytic
gas sensor is a gas sensor made on the basis of catalytic principle. A Wheatstone
bridge is used to measure the output of catalytic gas sensor. The catalytic gas sensor
is divided into two, namely, pellistor type and thermoelectric type. The earliest
catalytic gas sensor overview was simply a coil-shaped platinum wire (Fig. 10.1a).
This was used to produce an effective heating and a strong signal for a gas sensor;
however in spite of the perfect attributes of platinum, it is still a poor catalyst for
combustion of hydrocarbon gases. The temperature needed for the sensing of
hydrocarbons is between 900 �C and 1000 �C, but at this temperature, the platinum
starts to evaporate, and as such resistance of the platinum wire increases.

Another disadvantage with the platinum wire is that at the temperature of
1000 �C, the platinum becomes tender. The solution to this problem is to overcoat
the platinum with other metal oxides and then treat the sensor with a catalyst like
palladium, platinum, or thoria compounds. Figure 10.1b shows a catalytic bead
sensor with the metal oxide coating; the coating makes the sensor more stable,
harder, and resistant to shock and vibrations.

Recently, microhotplates have been widely used in gas sensors instead of using
platinum coil due to the high power consumption. These kinds of sensors always
contain a catalytic surface coated on a hot plate with Pt resistor which heats up the

Fig. 10.1 Catalytic sensors.
(a) Hot-wire sensor, (b)
catalytic bead sensor
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catalyst to a very high temperature at which any flammable gas molecules can ignite.
The concentrations of gases can be detected by measuring resistance change of the
platinum resistance emerge from increase in temperature. This design was recently
developed by Lei Xu et al. in which they design and construct a two-beam
microplate for catalytic gas sensors (Karthikeyan et al. 2015). The two-beam
microplate was designed using MEMS technology. Their design manifested low
power consumption with a 30% power per active area as compared with other
microhotplates, and a sensitivity of the sensor to 50% LEL methane was 2.4 mV/
% methane.

10.2.2 Pellistor-Type Catalytic Gas Sensor

A pellistor-type catalytic gas sensor is depicted in Fig. 10.2a consisting of two
platinum coils which have two functions. They serve as heater as well as resistance
thermometer. It also consists of active and inactive beads. The active bead is
activated with catalyst made from a metal like platinum or palladium. The inactive

Fig. 10.2 (a) Pellistor-type
gas sensor. (b) Wheatstone
bridge setup for methane gas
detection
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bead has no catalyst but usually plays as compensating element. A voltage source
use for powering the circuit heats up the coils; so the beads are increased to a high
temperature from a range of 300 �C to 500 �C depending on the target gas. This
causes the gas to ignite and raises the temperature of the detector coil.

This increase in temperature raises the coil resistance and causes an imbalance in
the voltage of the Wheatstone bridge which constitutes the detector signal. The
output of the sensor is taken across the Wheatstone bridge circuit as shown in
Fig. 10.2b. Recent researchers (Xu et al. 2010) enhanced a catalytic combustion-
type methane detection sensor with a Pd-Pt catalyst working on pulse voltage mode.
The sensor was fabricated by micromachining and sol-gel process on a silicon
substrate. The output of the gas sensor is measured by a bridge circuit which consists
of a resistive sensing element, microhotplate with a Pd-Pt-Al2O3 layer, a variable
resistor R, and two fixed resistors R1 and R2.

The pellistor technology has witnessed significant development by using micro-
electrochemical systems (MEMS) technology for their fabrication due to the advan-
tage of integration, miniaturization, and reduced power consumption. Catalytic gas
combustion gas sensors have been fabricated using thin-film or micromachining
technologies. Recently, Lee et al. developed an integrated catalytic combustion H2

sensor using MEMS technology (Lee et al. 2011). The novelty of their design was
that the gas sensors were fabricated with two sensing elements and two reference
elements using MEMS technology.

10.2.3 Thermoelectric Gas Sensor

In 1985 McAleer invented the earliest thermoelectric gas sensor for the detection of
combustible gas like H2 gas as reported by Shin et al. (Shin et al. 2003, 2004).
Hydrogen detection using thermoelectric sensor is possible by generating an elec-
trical signal based on the catalyzed exothermic oxidation reaction of hydrogen.
Thermoelectric gas sensors work on the principle of the Seebeck effect. The Seebeck
effect occurs as a result of a temperature change between two points of a conductor
or semiconductor material which gives increase to a voltage difference between
these two points. Thermoelectric sensors have been manufactured using
micromachining techniques. A microelectric gas sensor for the detection of hydro-
gen and atomic oxygen was reported by Se-Chuk Park et al. using surface
micromachining technique for the sensor fabrication (Kim et al. 2009). The sensor
senses the gases by measuring the reaction temperature of the catalytic reaction
between a novel metal catalyst using Cu-Bi thermopiles. Hydrogen recently reported
thermoelectric sensors were used for the detection of volatile organic compounds
(VOCs) by the use of SnO2 thin films. The precept of gas sensing using thermoelec-
tric gas sensors is usually based on gas absorption. Nevertheless this technique
usually slows down the response and recovery times. Seung-II Yoon et al. (Yoon
et al. 2009) invented and fabricated a thermoelectric gas sensor based on the
principle of gas adsorption instead of gas absorption. The sensor uses an embedded
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tin oxide catalyst for the detection of hydrogen and NOx gases. MEMS technology
was employed for the sensor fabrication on a Pyrex substrate. To understand the
principle of gas adsorption, sensing and reference thermopiles with Bi and Cr pairs
were used. A thermopile was used so as to produce an electric potential that is
proportionate to the temperature variation between the hot and cold junctions
without the need of power consumption while a catalyst film is placed underneath
the hot junctions of the thermopile.

A thermoelectric gas sensor for the detection of volatile organic compounds was
fabricated and developed by S. Anuradha et al. (Anuradha and Rajanna 2006). The
sensor was evaluated for response toward VOC, namely, ethanol, isopropyl alcohol,
and hexane, in the temperature range of about 80–160 �C. The sensors developed
with and without the metal films were tested for their response to acetone gas.
Sensors with chromium metal showed good sensitivity to acetone as low as
28 ppm and were found to be selective toward acetone gas.

10.2.4 Thermal Conductivity Gas Sensor

Gases with thermal conductivities less than air are difficult to sense using this way
due to interference of, for example, carbon dioxide and butane. Their principle of
operation is based on the measured heat loss from a hotter body to the cold element
through thermal conductivity. The first type of thermal conductivity gas sensor is
called pellistor-like sensor, and it consists of two inert resistor beads with an
implanted thermoresistor. The sensing device is usually located within a gas cham-
ber which contains a reference gas. Comparable to a catalytic gas sensor, a Wheat-
stone bridge circuit is also utilized whereby the two beads are connected. The
principle of the detection mechanism is such that when the resistor is exposed to
the target gas mixture, heat is lost which is either higher or lower depending on the
thermal conductivity of the target gas with respect to the reference gas. This leads to
an increasing or decreasing temperature of the bead and furthermore a difference in
its resistance which is measured as an imbalance in the Wheatstone bridge. The
second type of sensor doesn’t need the use of reference cell because it is made up of a
hot and cold element which has a known and a constant temperature variance. The
heat is transferred from the hot element to the cold element by means of thermal
conductivity of the investigated gas (Yunusa et al. 2014).

Tardy et al. (2004) developed a dynamic thermal conductivity sensor based on the
transient response of a SiC microplate for the determination of CO, H2, and CH4.
Simon and Arndt fabricated a simple micromachined thermal conductivity sensor.
Experiments carried out showed good sensor performance predicted by the model.
The sensor chips were used to build a hydrogen detector for automotive applications
(Simon and Arndt 2002).

Recently, micromachining have been used for hydrogen gas sensor due to
miniaturization and reduced power consumption. De-Graaf and Wolffenbuttel
(2012) recently developed a thermal conductivity gas sensing which uses MEMS
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technology for the fabrication of high-sensitivity thermal sensors for hydrogen
detection. The analysis showed that the performance of surface-micromachined
devices could be better than that of bulk-micromachined devices. It is made up of
thermopile temperature sensors which depend upon the reduction in efficient thermal
resistance between the sensitive area of the sensor and the substrate by the thermal
conductance of the gas in the thin membrane. The heating element is a resistor which
is set in the middle of the membrane. A gas chamber is located for the hydrogen
sensing.

10.2.5 Electrochemical Gas Sensors

These types of sensors allow gases to diffuse through a porous membrane to an
electrode where it is either reduced or oxidized at the electrode. Electrochemical
sensors operate by reacting with a target gas and producing an electrical signal that is
proportional to the gas concentration. A typical electrochemical gas sensor consists
of a sensing electrode or working electrode and a counter electrode which are
separated by a thin layer of electrolyte. Before the gas comes in contact with the
sensor, it goes through a thin capillary-type opening and then diffuses through a
hydrophobic barrier before finally reaching the electrode surface. The function of
this membrane is to prevent liquid electrolyte from leaking out and generate enough
electrical signal at the sensing electrode. It also consists of a reference electrode
whose function is to maintain a stable and constant potential at the sensing electrode
due to the continuous electrochemical reactions occurring on the electrode surface.
The electrochemical reaction with the target gas generates a flow of current flow
between the sensing and counter electrodes. The electrolyte is responsible for
carrying the ionic charges across the electrode.

The earliest electrochemical cells were reported by Kohlraush in 1885 and Haber
in the early 1900s (Hübert et al. 2011). Since after that a lot of researchers have
worked on electrochemical gas sensors for detection of different gases. Currie et al.
(1999) developed micromachined thin solid-state electrochemical sensor for simul-
taneous detection of CO2, NO2, and SO2 gases. Similarly, Sathiyamoorthi et al.
(2004) developed an electrochemical sensor for the detection of fluorine and chlo-
rine. In order to improve the sensitivity of the electrochemical gas sensor, Gan and
Hu (2011) published a review paper on electrochemical sensors based on graphene
materials; due to the fact that nanoscale materials are good candidates for
gas-sensing elements due to high surface-to-volume ratio, they have reduced size
and reduced power consumption and have been used for the detection of various
gases as shown by Lu et al. (2009a, b). However, microelectronic systems (MEMS)
have been employed for the design of electrochemical microsensors, and efforts have
been made to improve their sensitivity as shown by Zhang et al. (2008).

They explained that improved sensitivity could be attained by coating
nanosensors developed from carbon nanotubes with polymers. An electrochemical
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sensor can be used for measuring carbon monoxide by undergoing a chemical
reaction as follows:

COþ H2O ! CO2 þ 2Hþþ2e� ð10:1Þ

As shown in Eq. (10.1), oxidation reaction takes place at the sensing electrode,
CO2 diffuses into the air, and the positively charged ions migrate into the electrolyte.

Oþ 4Hþ þ 4e� ! 2HO ð10:2Þ

The oxidation reaction is balanced by a corresponding reduction reaction at the
counter electrode as shown in Eq. (10.2). At one electrode, water is consumed, while
electrons are generated, and at the other electrode, water is created, while electrons
are consumed. The carbon monoxide generated diffuses in the air, and the positively
charged hydrogen ions travel down to the electrolyte.

Similarly, for hydrogen the electrochemical reaction is shown in Eq. (10.3).
Hydrogen gas diffuses and becomes oxidized at the sensing electrode. This reaction
causes a change in the potential of the sensing electrode, and thus reduction of
oxygen takes place as shown in Eq. (10.4):

H ! 2Hþ þ 2e� ð10:3Þ
½ Oþ Hþ þ e� ! H2O ð10:4Þ

The result of the flow of electrons from anode to the cathode constitutes an
electric current that is proportional to the hydrogen gas concentration which obeys
Faraday’s law:

i ¼ Z:F:Q ð10:5Þ

where Z is the number of exchanged electrons/molecules, Q is the conversion rate of
hydrogen in moles/second, and F is Faraday constant ¼ 96486.7 As/mol. Electro-
chemical sensors are usually of three types, namely, amperometric, potentiometric,
and conductometric, which are discussed below.

10.2.6 Amperometric Gas Sensor

The amperometric sensors work at a constant applied voltage, and the sensor signal
is a diffusion-limited current. It usually consists of two electrodes, the working
electrode and the counter electrode, and also a reference electrode which are
immersed in the electrolyte solution and a potentiostat for maintaining constant
voltage as shown in Fig. 10.3.

10 Semiconductor Nanomaterials for Gas Sensor Applications 315



Amperometric sensors are usually built using two-electrode configuration, but
due to the limits of the concentrations of reactant gas, they are built using a three-
electrode scheme. In the three-electrode configuration, the current at the sensing
electrode can be measured at a constant potential which gives a genuine thermody-
namic potential for all reactions; in this case the reference electrode is not involved in
the reaction. However, the current generated as a result of the target gas at the
sensing or working electrode is measured as the sensor signal which can then be
measured at either a fixed or variable electrode potential.

Amperometric sensors have been used for detecting various gases by changing
the type of electrolyte. Xianbo Lu et al. (2005) developed a novel design for an
amperometric gas sensor with the use of an yttria-stabilized zirconia (YSZ) porous
layer which acts as an oxygen conductor and a gas diffusion barrier. The planar stack
configuration was developed and allowed a deposition of YSZ layers. The device
developed showed a linear output in the range of oxygen partial pressures. Ho and
Hung (2001) also developed an amperometric NO2 gas sensor based on Pt/Nafion
electrode; NO2 concentrations in the range of 0–485 ppm were detected. Similarly an
amperometric hydrogen sensor was developed based on polymer electrolyte mem-
brane with Nafion membrane as the conducting polymer. The response to hydrogen
concentration was in the range of 260–11,500 ppm. Chao et al. (2005) developed an
amperometric sensor using three different sensor designs for hydrogen and carbon
monoxide sensing. The three different designs were tested under hydrogen and CO
concentration, and devices II and III were found to have slower response times as
compared to device I. Selectivity of the sensor under hydrogen concentrations was
greatly improved by replacing Pt-air RE with modified Ag/AgCl RE and incorpo-
rating a semipermeable membrane. Amperometric gas sensors for the detection of
hydrocarbon were reported by Dutta et al. (2005) for monitoring in exhaust pipes.

With the advent of microelectronics system (MEMS), microelectrodes with very
small electrode surface area have been employed in the fabrication of electrochem-
ical sensors due to their numerous advantages of having small size and weight, low
cost, and faster response time without affecting the signal-to-noise ratio.
Microamperometric sensors dated back in the 1980s consisted only of
microfabricated electrodes on a suitable substrate; the earliest microamperometric

Fig. 10.3 A typical
electrochemical gas sensor
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sensor was developed by Sleszynski and Osteryoung in 1984 (La et al. 2011).
Recently, techniques on how to improve the sensitivity of the sensors were reported
by (Phawachalotorn et al. 2012).

10.2.7 Potentiometric Gas Sensors

Potentiometric gas sensors are used to determine the analytical concentration of
some components of the analyte gas. They can measure the electric potential of an
electrode without current flow. The signal is measured as the potential difference
between the working electrode and the reference electrode. Potentiometric sensors
have been used for oxygen detection. A typical potentiometric oxygen sensor is
made up of an oxygen ion conducting solid electrolyte and two electrodes which are
deposited on the two sides of the electrolyte. One of these is a reference electrode
which is in contact with a known oxygen partial pressure, while the other is a
working electrode which is in contact with an unknown oxygen partial pressure
that needs to be measured. When the electrodes are in contact with two different
oxygen partial pressures and isolated from each other, an EMF is developed by the
sensor.

The electrodes are usually made from palladium, platinum, gold, or silver.
Different electrolytes have been also used or a combination of two materials for
the detection of different gases. Lee et al. (2001) developed a potentiometric CO2 gas
sensor using lithium phosphorus oxynitride electrolyte, while recently Jiun-Chan
Yang et al. (Yang and Dutta 2010) developed a high-temperature NO2 sensor
fabricated with asymmetric reference and sensing electrode made with Pt and YSZ
electrolyte. The combinations of these two materials have simplified the design and
make it more compact. Similarly, Yan et al. (1995) developed a potentiometric
sensor using stabilized zirconia for chlorine gas by combining MgO-stabilized
zirconia tube with an auxiliary phase containing metal chloride with a sensitivity
of 1–100 ppm of chlorine at 550–600 �C. With the advent of microfabrication
technology, miniaturized sensors are produced so as to amplify the output of the
potentiometric sensors. Radhakrishnan et al. (2005) fabricated a miniaturized series
connected potentiometric sensor on a silicon fabricated electrode after using
microfabrication techniques for oxygen detection.

10.2.8 Optical Gas Sensors

This type of sensors uses optical absorption/emission scattering of a gas species at
defined optical wavelengths. An optical gas sensor consists of a light-emitting
element, a photodetecting element, a gas-sensing element (the gas-sensing element
responding to light), and a filter for picking up fluorescence or phosphorescence.
Most optical sensors are usually based on thin films of palladium or chemochromic
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oxides coated along the length of an optical fiber. These types of fiber optic sensors
are known as optodes. One of the most common optical gas sensors is infrared gas
sensors which will be discussed later in more detail.

As shown by many authors, optical sensors have been used for many years in the
detection of flammable gases like hydrogen. The first optical hydrogen gas sensor
was reported by Butler (Hübert et al. 2011) in 1984 which consists of an optical fiber
with palladium and titanium coatings. Detection of hydrogen was made using
interferometry. Massie et al. (2006) also designed a low-cost portable optical sensor
for methane detection with very good sensitivity; the sensor can operate even in
harsh environments. Acquaroli et al. (2010) designed an optical porous silicon gas
sensor. The system was tested over a detection area of the porous silicon microcavity
with isopropyl alcohol vapor, and even small changes in concentrations were
detected. Manap et al. (2009) developed an optical fiber sensor for the monitoring
of ammonia gas using an open optical path techniques. Cross sensitivity of CO2 and
O2 was also tested to see their effect on ammonia gas. Okazaki et al. (2003) also
developed a fiber optic hydrogen gas sensor using catalyst-supported tungsten
trioxide (WO3). The sensor used platinic acid at 500 �C and showed good response
toward hydrogen gas detection and can detect gas even at room temperature.
Girschikofsky et al. (2012) recently reported an optical planar Bragg grating sensor
which is capable of detecting substances like benzene, toluene, and xylene. Results
obtained showed good sensitivity toward these gases.

10.2.9 Infrared Gas Sensor

Infrared sensors consist of a detector which converts electromagnetic radiation
energy into electrical signals. The detectors are of different types, namely, thermo-
electric, thermistor bolometer, pyroelectric detector, and photon detector. It also
consists of an infrared source which could be a regular incandescent light or a heated
wire filament which can be used for the detection of CO2, CO, and other hydrocar-
bons. Another component is an optical fiber which could be of two types: dispersive
and nondispersive.

Nondispersive types use discrete optical band-pass filters and are mostly used for
gas sensor applications, while the dispersive types use an optical device like a
grating or prism. The last but not the least is the gas cell which allows the light
path so as to interact with the target gas. Infrared gas sensors are used for detecting
different gases like methane, ethane, propane, butane, benzene toluene, and xylene
and other alcohols like methanol, ethanol, etc. Okajima et al. (2006) developed an
infrared gas sensor using LED for the measurement of methane; absorption of gas
samples between 0% and 97% was successfully measured. Garcia-R et al. (2012)
developed a nondispersive infrared (NDIR) gas sensor for the measurement of CO2

gas concentration for wireless sensor networks with low power consumption. Sim-
ilarly Chen et al. (2006a, b) designed a tunable diode laser absorption spectroscopy
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to produce a sensor that is miniaturized, and Zhang et al. (2010) developed a
miniaturized CO2 sensor based on infrared absorption.

There are two types of optical structure which is used for the construction of
infrared CO2 gas sensors, namely, time double beam and space double beams. The
time double beam optical structure has only one infrared beam emitted from the
infrared source, and the detector receives two infrared beams with different wave-
lengths and at different times, while the space double beam structure has one infrared
beam emitted from the infrared source and simultaneously enters two parallel plate
detectors. In this design, the space double beam is used so as to enhance the
construction, and a cone-shaped air chamber is designed. The optical probe consists
of an infrared source, an air chamber, an infrared receiving device, and two sapphire
windows. The sensor showed an accuracy of 0.026% with CO2 gas concentration in
the range of 0–3%. Kasai et al. (2011) investigated the ability of a system using a
carbon infrared emitter and an infrared camera to detect combustible gas propane.

10.2.10 Acoustic Wave Gas Sensors

Acoustic wave sensors are so named because their detection mechanism is a
mechanical or acoustic wave. As the acoustic wave propagates through or on the
surface of the material, any changes to the characteristics of the propagation path
affect the velocity and/or amplitude of the wave. Changes in velocity can be
monitored by measuring the frequency or phase characteristics of the sensor and
can then be correlated to the corresponding physical quantity being measured. An
acoustic wave sensor contains a receptor which is an element that is sensitive to an
analyte and a transducer, i.e., an element that converts the response into an electrical
signal.

The first acoustic gas sensor was discovered by King in 1964 (King 1964) and
was based on the measurement of bulk acoustic waves (BAW) in a piezoelectric
quartz crystal resonator which is sensitive to mass changes. After intensive research
studies in mid-1960, chemical sensors for industrial atmospheric pollutants were
developed. Since piezoelectric quartz resonators were used, these types of sensors
were called quartz microbalances (QMB).

There are different types of acoustic wave sensors which are based on the type of
wave propagation. Acoustic wave sensors have a variety of applications as in
temperature, pressure, mass, chemical, etc. In this paper the application will be for
gas sensing. The principle of operation of acoustic chemical sensor is described as
follows. When a receptor film is introduced unto the vibrating surface of a transducer
that is activated by an electronic device, the characteristics of the receptor film such
as its mass and thickness are changed when exposed to an analyte. This change
directly affects the vibration frequency, amplitude, and phase. The shift is directly
proportional to the analyte concentration.

As reviewed by several works on different gas sensors, the current trend has taken
the direction of developing the gas sensors using microelectronics technology due to
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its advantage of miniaturization and low power consumption. However, acoustic
wave sensors already possess this inherent characteristic and were used in gas
sensors since 1964, so this makes it to be an attractive candidate over its
gas-sensing counterparts. A review on acoustic waves will be made in this section
of the paper with emphasis on surface acoustic wave sensors. Another advantage of
surface acoustic wave technology is that the gas sensing can be made wirelessly as
shown by (Lim et al. 2011), which makes real online monitoring of the gas sensor
possible and eliminates the use of wired cables. This property makes it an attractive
candidate for gas detection and makes it superior to other gas-sensing techniques.
Also high selectivity and sensitivity have also been reported in many SAW
gas-sensing applications (Dutta et al. 2005; Yang and Dutta 2010; Radhakrishnan
et al. 2005).

Surface Acoustic Wave Gas Sensors

Surface acoustic wave technology refers to the use of the SAW device in several
technological applications. Surface acoustic waves were first discovered by Lord
Rayleigh in 1885. SAW sensors are developed based on Rayleigh waves. A Ray-
leigh SAW is made up of two mechanical displacement components in the sagittal
plane, i.e., the plane containing the direction of propagation and the surface normal.
For gas-sensing applications, the choice of piezoelectric substrate determines the
type of SAW wave. Rayleigh waves propagate in a thin surface layer and can
penetrate into the substrate at a distance of the order of a wavelength. The velocity
of propagation of the wave depends on the substrate material, the crystal cut of the
substrate, and the working frequency (Hübert et al. 2011).

Since after the discovery, a lot of potential applications have been exploited
which among them are the sensor applications including chemical, optical, thermal,
pressure, acceleration, torque, and biological. The main advantages of using SAW
technology are high sensitivity, low power consumption, being wireless, and can be
placed on moving or rotating parts and in hazardous environment. The SAW device
is also technologically compatible because its fabrication process is similar to that of
other microelectronic devices.

Principle of Operation

Surface acoustic wave sensors work based on the principle of transduction whereby
the sensor converts an input electrical signal into a mechanical wave and reconverts
back into electrical signal. This is made possible by means of the interdigitated
transducer known as the IDT which uses the piezoelectric effect. The IDTs are made
of electrodes made from aluminum, gold, or platinum. A typical SAW therefore
consists of an input and output transducer with spacing between them called a delay
line. The principle of gas sensing in SAW is realized by the application of a sensing
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material like a thin polymer across the delay line which selectively absorbs the gas or
gases of interest as depicted in Fig. 10.4.

Rayleigh SAW sensors are based on two types of acoustoelectronic devices,
namely, delay line and resonator. The frequency of operation of Rayleigh wave’s
sensors usually lies between 40 MHz and 600 MHz. These devices differ from each
other in their design. A delay line has two receiving and transmitting interdigital
transducers, whereas a resonator has one interdigital transducer placed at the reso-
nator cavity. However, their mechanism of response is the same, and they also have
similar output characteristics. A delay line is simpler to design compared with the
resonator; that is why it is mainly used for practical applications. However, a delay
line requires matching due to the insertion attenuation and is subjected to having
oscillation frequency, but the resonators have smaller attenuations and do not require
matching (Fischerauer et al. 1996). A resonator and a delay line could be either
single- or two-port. A single-port delay line consists of a propagation path between
one IDT and one or more interdigital reflectors. A two-port SAW delay line consists
of a propagation path between two separate IDTs: the first serves as a transmitting
transducer, and the second serves as a receiving transducer so as to convert the SAW
back to electrical form.

10.2.11 SAW-Based Gas Sensors

Surface acoustic waves were the next generation of acoustic wave sensors after the
advent of the quartz crystal microbalance (QCM) which was used to stabilize the
frequencies of radio transmitters and later modified by the addition of sorptive film
on the crystal so that it could be used for chemical sensing. Subsequently the device
was analyzed and improved by some researchers in the 1950s. In the late 1970s,
Wohltjen and Dessy (1979) realized that chemical vapor sensing could be

Fig. 10.4 A SAW device to depict the principle of gas sensing
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accomplished with a device that was originally used for processing of electrical
signals which is the SAW delay line.

Since then a lot of researchers have been working on SAW sensors for detection
of different gases which are either toxic, harmful, or pollutants, while others can be
used as fuel gases in industries and automobiles. Researchers tend to employ SAW
resonator if their prime interest is to control the center frequency, whereas if the time
response is of interest, they decide to use the delay line. SAW delay line is
commonly used due to its simplicity in the design and fabrication. M. S.
Nieuwenhuizen et al. (Nieuwenhuizen and Nederlof 1990) developed a SAW gas
sensor for detection of CO2 and H2O using dual delay-line oscillators on a quartz
substrate at a frequency of 40 MHz. Venema et al. (1987) also designed a SAW
delay-line gas sensor using quartz substrate for the detection of NO2 gas. Subse-
quently, Anisimkin et al. (1995) also developed a SAW delay-line gas sensor for the
detection of CO, NO, hydrogen, and oxygen gases, respectively. Beck et al. (1999)
also developed a SAW delay line using lithium niobate substrate for the detection of
NO2 and methane gases. A review paper was published recently by Wieslaw
P. Jakubik on dual delay-line oscillator. However, Lee et al. (1997) designed
SAW resonator gas sensor using lithium niobate for the detection of methane and
hydrogen gas. Similarly, Fischerauer et al. (1996) also employed a SAW resonator
for the detection of hydrocarbons. Due to the good results displayed by the use of
SAW devices for gas sensing in terms of high sensitivity, selectivity, and good
response times, a lot of researchers are working extensively so as to detect different
gases using different configurations of SAWs and at different frequencies. Results
obtained have produced excellent results in terms of high selectivity, high sensitiv-
ity, and good response times.

10.2.12 Semiconductor Gas Sensors

Semiconductor gas sensors are devices that are made up of heated metal oxides
which are used for measurement of gas concentration of a target gas by measuring
the electrical resistance of the device. They work on the principle of reversible gas
adsorption process at the surface of the heated oxide, usually oxides of tin deposited
on a silicon slide by chemical vapor deposition method. Absorption of the sample of
gas on the oxide surface followed by catalytic oxidation results in a change of
electrical resistance of the oxide material which is then related to the sample gas
concentration which is monitored by the meter as shown in Fig. 10.5. The heater at
the base is used for heating up the sensor to a constant temperature of about
200–250 �C so as to speed up the reaction rate (Hassan et al. 2013, 2014a, b, c).

An intrinsic n-type semiconductor is suitable for detecting reducing gases due to
the high conductance change as a result of the injected electrons. Similarly, a p-type
semiconductor is suitable for the detection of oxidizing gases. The oxides usually
used for the n-type are mainly oxides: SnO2, ZnO In2O3, or WO3 (Hassan et al.
2014a, b, c). They are commonly used to detect hydrogen, oxygen, alcohol, and
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harmful gases like carbon monoxide. Gas sensors using metal oxide semiconductor
were first proposed by Seiyama and Taguchi. When inflammable gases come into
contact with metal oxides, they excite a new electron level within the solid and thus
cause a change in electrical resistance of the gas-sensing elements. Jin Huang and
Qing Wan published a review paper on the progress in gas sensors based on
semiconducting metal oxide one-dimensional (1D) nanostructures (Dey 2018).

It was reported that due to the advent of microelectronics, new device structures
such as the electronic nose and the low power consumption self-heated gas sensor
have been designed, and their response has been evaluated (Huang and Wan 2009).
Sensitivity and selectivity could be improved by the addition of small amounts of
noble metals like Pd-added elements. Khodadadi et al. (2001) reported on improving
the sensitivities of methane and carbon monoxide gases by adding 5% of K2O into
SnO2 samples; the sensitivity was improved by 40%.

Similarly, 5% of Na2O in SnO2 layers showed reduction of sensor sensitivity to
CO. Addition of platinum into the prepared samples improves the response to
methane. However, improved sensitivity could also be obtained by the addition of
doping agent in thick-film semiconductor gas sensor developed for the sensing of
methane and butane. The semiconductor gas sensors have different configurations,
one-electrode and two-electrode configuration.

Operation Principle of One-Electrode Semiconductor Gas Sensors

The one-electrode sensor configuration is depicted in Fig. 10.6; as reported by
Korotcenkov (2007a, b), the metal resistor acts as both the heater and measuring
electrode at the same time. One-electrode sensors are similar to pellistors or hot-wire
sensors. The operation principle of one-electrode sensor is based on the shunting of
the Pt wire by semiconductor oxide coating the metal spiral. The one-electrode
sensors are typically incorporated in a Wheatstone bridge circuit, and they work

Fig. 10.5 A typical semiconductor sensor
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under a stabilized constant current. The shunting semiconductor resistance should be
ensured to have a resistance value of the same order of magnitude as that of the Pt
resistor at the operation temperature. Due to the low heater resistance, only metal
oxides with high conductivity are capable of changing the total resistance of sensors
in the presence of gases detected. For one-electrode semiconductor sensor design,
SnO2 and In2O3 have been used. However, the two-electrode configuration will not
be discussed because it is not very common.

The gas-sensing materials for one-electrode sensors are deposited using chemical
vapor deposition (CVD), physical vapor deposition, and sol-gel process. Recently,
Shimanoe et al. (2011) developed a semiconductor nano-sized oxide for the detec-
tion of inflammable gases, odor gases, and other environmental-related gases using
MEMS technology with low power consumption. Takada (2000) developed a new
method for gas identification of different gases including hydrogen, carbon monox-
ide, methane, and volatile organic compounds. Recently, artificial intelligence
techniques are integrated into gas sensors as shown by Byeongdeok Yea et al.
(Konishi 1997).

In order to improve sensitivity of the sensor, different methods had been used
including temperature modulation, synthesis of new sensor materials, designing new
sensor constructions, adoption of new filter layers, and using of sensor array.
Therefore, Halek et al. (2009) made a comparison of methods of selectivity improve-
ments of semiconductor gas sensors and concluded that the kind of sensing material
and filter layer has a strong influence on the sensor parameter.

Sensing Materials of Semiconductor Gas Sensor

From the first tin dioxide sensor developed in the 1970s for domestic gas alarms,
there has been an increase in the demand for high-performance solid-state gas
sensors. Results of a search study on metal oxide semiconductor (MOS) used as
sensing materials for solid-state gas sensors, including both the n-type and p-type
oxides, are summarized in the graph shown in Fig. 10.7 (Kim and Lee 2014).

Metal oxides stand out as one of the most common, diverse, and, most likely,
largest class of materials due to their extensive structural, physical, and chemical
properties and functionalities. The most common metal oxides utilized as sensing
layer in gas sensor devices are binary oxides such as SnO2, ZnO, TiO2, etc.;
however, ternary and more complex oxides are also applied in practical gas sensors
(Huang and Wan 2009).

Pt Electrodes

Substrate

Semiconductor Thin Film

Heater

Fig. 10.6 Showing one-electrode configuration of semiconductor gas sensor
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SnO2 is the most extensively studied metal oxide and is widely applied in
practical commercial devices. Tin dioxide is a wide band gap (3.6 eV) semiconduc-
tor with interesting electrical properties (Ogawa et al. 1982). Due to its high
sensitivities for different gas species, tin oxide-based sensors allow the detection
of low concentration levels of gaseous species, though it unfortunately suffers from
the lack of selectivity. Nevertheless, strategies devoted to enhance the SnO2-based
device’s performance have been extensively studied (Korotcenkov 2005).

Zinc oxide is a II�VI semiconductor showing a wide band gap (3.37 eV), with
the dominant defects identified as O vacancies (Mahmood et al. 2013). ZnO has
attracted much attention in the gas-sensing field because of its high mechanical and
chemical stability, suitability to doping, nontoxicity, and low cost. The sensing
property of ZnO is strongly influenced by the nanostructural features, such as the
grain size, geometry, and connectivity between the grains (Kashyout et al. 2010).

Titania is particularly attractive for gas sensors because of its lower cross sensi-
tivity to humidity than other metal oxides (Tricoli et al. 2009). Among the other
applications, TiO2 has been largely investigated as a sensing layer in resistive
oxygen gas sensors operating at medium to high temperatures for automotive air/fuel
ratio control. At medium temperatures (400–600 �C), oxygen detection is mainly
due to reactions that takes place on the surface, whereas at high temperatures
(700–1000 �C), oxygen detection is mainly due to diffusion of oxygen ions in the
bulk of the material (Ramamoorthy et al. 2003).

A lot of factors affect the gas sensor performance of metal oxide which, in turn, is
determined by the reception and transduction function along with the fabrication
procedure (Yamazoe and Shimanoe 2009). The synthesis procedure, crystal size and
shape, and the addition of foreign elements with the role of sensitizers or conduc-
tivity modifiers are some of the factors influencing the sensor response (Aleixandre
and Gerboles 2012; Huang and Choi 2007; Jimenez-Cadena et al. 2007).

Doping the metal oxide layer with suitable promoters (metal particles, other metal
oxide, and ions) is a common way of enhancing the sensing characteristics of gas
sensitivity. The modification of the sensing properties of the sensing material by the
introduced additives depends on the nature of the latter (Hassan et al. 2014a, b, c).
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Fig. 10.7 Studies on n- and p-type oxide semiconductor gas sensors
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For example, Pt is known to promote the gas-sensing reaction by the spillover of
sample gas (chemical sensitization), whereas Pd is known to promote the
gas-sensing reaction by electronic interaction between Pd and sensing materials
(electronic sensitization) (Cabot et al. 2000).

The grain-size reduction at nanometric level is one of the main factors enhancing
the detection properties of metal oxides. It is in fact well recognized that by reducing
the particle size of the sensing material in the nanometer range, the sensitivity of gas
sensors is greatly improved both for the large specific surface offered and for the
influence in reducing the surface charge density (Dolbec et al. 2003; Korotcenkov
2008; Rothschild and Komem 2004a, b). Furthermore, in this size range, a large
fraction of the atoms (up to 50%) are present at the surface or the interface region.
Therefore, the chemical and electronic of nanoparticles are different from those of
the bulk, consequently contributing to an increase in the sensing properties.

Over the last 50 years, novel sensing materials other than metal oxides have been
proposed. In 1983, the gas-sensing properties of conducting polymers were first
reported. The sensor involved the use of doped polypyrrole (PPy), functioning as an
ammonia sensor. In fact, as the conductivity of the pure conducting polymer is rather
low, in order to achieve the high conductivity suitable for sensing applications, a
doping process was necessary (Fig. 10.8). A wide variety of polymers of this type is
now available, including substituted polypyrroles, polythiophenes, polyindoles, and
polyanilines (Hassan et al. 2015).

Organic materials are much more easily modified than inorganic materials with
respect to such characteristics as sensitivity, working temperature, and selectivity.
Long-term instability is a main drawback of the sensors based on conducting poly-
mers as they are thermally unstable, so it is often impossible to use them at
temperatures at which gas-solid interactions proceed rapidly and reversibly.

Fig. 10.8 Molecular structure of polypyrrole (PPy) and related doping process
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To fully use all the potential advantages of organic and inorganic materials,
hybrid composites have also been introduced as sensing elements for resistive
sensors (Jiang et al. 2013). These hybrid organic/metal oxide composites are not
merely the sum of the individual components but rather new materials with new
functionalities and properties. From the viewpoint of structure, organic support can
induce the nucleation, growth, and formation of fine metal oxide nano-/
microstructures with uniform dispersion and controlled morphology, thereby
avoiding the agglomeration of metal oxides. If the organic component is a good
electrical conductor (e.g., conductive carbon, carbon nanotubes, or graphene), the
resulting composites can form a perfect integrated structure with a developed
electron conductive network and shortened current transport paths, improving the
poor electrical properties and charge transfer of pure metal oxides. Significant
synergistic effects, such as room-temperature sensing capability when exposed to
low-concentration gases such as NO2, H2, and CO, often occur in hybrid composites
because of size effects and interfacial interactions in contrast to the high-temperature
operation required for metal oxides alone.

The possibility of synthesized materials having dimensions in the order of
nanometers has provided enormous advantages for gas sensing because their
extremely high surface-to-volume ratio is ideal for gas molecule adsorption. One
important example is that of carbon nanotubes (CNTs), which are currently receiving
a great deal of interest in gas sensing. Dai et al. first demonstrated the variety that
they can offer for practical applications in highly sensitive gas sensors (Kong et al.
2000). The high surface-to-volume ratio, high conductivity, and mechanical stability
make CNTs very attractive for gas-sensing applications. Carbon nanotubes can now
be synthesized by different methods in large quantities and with high purity, such as
the chemical vapor deposition (CVD) technique, and can be doped with B and/or N
groups, thus rendering them very sensitive to a wide range of gas vapors (Peng and
Cho 2003). In a similar way, functionalizing the nanotube surface with the polar
COOH group attached, the sensors will give stronger responses toward the volatile
organic compounds (VOCs) as their absorption efficiency with these volatile organic
molecules will be increased due to the dipole-dipole interactions (mainly hydrogen
bonding) between the COOH and the polar organic molecules (Sin et al. 2007).

CNTs are also often used as carriers of supported metal oxide particles (Sun et al.
2002). CNTs provide high surface area and then help the dispersion of the sensing
materials on the nanotube walls. The better performance of these hybrid sensors is
also attributed to the effective electron transfer between the metal oxide particles and
the highly conductive carbon nanotube network (Lu et al. 2009a, b; Sun et al. 2012;
Willinger et al. 2008). CNTs could also be coated with metal oxides of controlled
thickness (Marichy and Pinna 2013). By combining the nonaqueous sol-gel route
with the atomic layer deposition, metal oxides have been grown from the respective
metal alkoxide precursors at low temperatures. Moreover, the surface reaction
leading to the M-O-M bond formation is self-limited and allows then the deposition
of films with well-controlled thickness on the internal and external surface of CNTs.

The successful synthesis of nanoparticles, nanowires, nanotubes, and other
shapes has generated a lot of work to use these nanostructured materials in gas
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sensing (Lu et al. 2006; Pan et al. 2001; Li et al. 2003; Comini 2006). In particular,
low-dimensional structures of metal oxides were found to possess characteristics and
enhanced gas-sensing properties. In 2002, the Sberveglieri and Yang groups initiated
the investigation of gas-sensing properties of one-dimensional nanostructures
(Comini et al. 2002; Law et al. 2002).

Hierarchical and hollow oxide nanostructures are also very promising gas sensor
materials due to well-aligned nanoporous structures with less agglomerated config-
urations. The literature data clearly show that these peculiar nanostructures can
increase both the gas response and response speed simultaneously and substantially
(Lee 2009). This can be explained by the rapid and effective gas diffusion toward the
entire sensing surfaces via the highly porous structures.

Working Mechanism of Metal Oxide Semiconducting

Along with the improvement of the characteristics and properties of the devices, a
great deal of effort has been also made during these years to improve knowledge of
the sensing mechanism and understanding the related processes. The description of
mechanisms of gas sensors based on metal oxides was first depicted through the
application of electron theory of chemisorption and catalysis on semiconductors
originally formulated by Wolkenstein (1961).

Later, Morrison, Yamazoe, and Gopel especially contributed to the description of
conditions of transport of electric charges through the metal oxide semiconducting
layer in the presence of oxygen and reactive gases (Morrison 1982; Yamazoe et al.
1983; Gopel and Schierbaum 1995). Following these theories, the sensing mecha-
nism of MOS sensors relies on reactions which occur between adsorbed oxygen
species and the probed gas on the surface of the sensing layer. Details on this subject
can be found in many books and reviews (Azad et al. 1992; Barsan et al. 1999). In
first approximation, oxygen adsorbed on the surface of n-type metal oxide semi-
conductors plays a key role, trapping free electrons because of its high electron
affinity and forming a potential barrier at the grain boundaries. This potential barrier
restricts the flow of electrons, causing the electric resistance to increase. When the
sensor is exposed to an atmosphere containing reducing gases, e.g., CO, the gas
molecules adsorb on the surface and react with active oxygen species, e.g., O�,
which liberates free electrons in the bulk. This lowers the potential barrier allowing
electrons to flow more easily, thereby reducing the electrical resistance. With
oxidizing gases such as NO2 and ozone, the adsorption process increases instead
the surface resistance (Leblanc et al. 2000). The converse is true for p-type oxides,
where electron exchange due to the gas interaction leads either to a reduction
(reducing gas) or an increase (oxidizing gas) in electron holes in the valence band
(Li et al. 2002). However, to give a complete description of the gas-sensing
mechanism for these sensors, it is necessary to take into account all elementary
steps (adsorption, reaction, desorption, etc.) governing surface-gas target interac-
tions leading to charge transfer (Yamazoe and Shimanoe 2008).
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Yamazoe first demonstrated that reduction in crystal size would significantly
increase the sensor performance (Yamazoe 1991). The sensing properties are par-
tially associated with the depth of the surface space charge region which is affected
by the gas adsorption and depends on the particle size. Specifically, the sensor’s
response increases significantly if the crystallite size is about twice the adsorption
depth, 2L (L is the depth of the space charge layer), of oxygen adsorbates. This
means that the sensor performance improves not only when D decreases but also if L
increases, since a major proportion of material takes place in the reaction of oxygen
adsorbates with the target gas even if the grain size is not excessively small. For a
typical sensing material, SnO2 with different grain sizes between 5 nm and 80 nm,
simulations showed that the conductivity increases linearly with decreasing trapped
charge densities and the sensitivity to the gas-induced variations in the trapped
charge density increases too, in agreement with experimental findings (Rothschild
and Komem 2004a, b).

When dealing with wire with lateral dimensions to the order of hundreds of
nanometers, gas adsorption creates a surface depletion layer, consequently reducing
the conducting channel thickness (Chen et al. 2013). The mobility dependence on
surface coverage can be neglected because electron diffusion length (about 1 nm) is
much shorter than the diameter (tens of nanometers). Electrical transport changes
when the thickness of the wire is small like in nanowires with low lateral dimensions
compared to the Debye length, the space charge region extends through the entire
wire cross section, and all electrons are trapped in surface states (Zhu and Zeng
2017).

A model of the sensing mechanism of hybrid heterostructures such as metal
oxide/CNTs has been attempted. The junctions existing between the nanotubes of
the networking at their crossing points and the different depletion regions existing as
a function of the presence of the target gas have been taken into account. Their role in
the sensing mechanism has been established by several authors (Wei et al. 2004;
Marichy et al. 2013).

Sensing Materials: Effect of Grain Size and Film Thickness

The most traditionally used materials for solid-state gas sensors are thick films of
polycrystalline compressed or sintered MOS powders. In the case of compressed
powders, the grain-boundary resistance dominates the response of the sensor device
since the resistance at these intergranular contacts is much larger than the resistance
across a single grain. Compressed powders are not very stable as the intergranular
contact is pressure sensitive. In sintered powders, some of these grain boundaries
disappear and form more stable neck-like structures as the grains sinter together.
These necks often constitute the most sensitive sites of sensing materials as all the
electrons from these narrow necks are potentially tied up with the adsorbed oxygen,
giving rise to very sensitive completely electron-depleted highly resistive regions.

In Fig. 10.9, we illustrate the energy band model for an MOS compressed
powder. A few grains are shown where chemisorbed oxygen has captured electrons
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from the material forming a depletion layer (also known as the space charge layer or
the Debye layer). At the intergranular contact, two space charge layers back to back
form a formidable barrier for electrons to cross, and this gives rise to the higher
resistance values at those contact points. The thickness of the depletion layer or the
Debye layer (L) is relatively small compared with the grain diameter (D) in most
traditionally polycrystalline materials. A typical value for L is 100 nm for MOS
films. Grain-boundary-controlled gas sensing, most important for relatively large-
particle MOS sensors, has been extensively reviewed by Barsan and Weimar (2001,
2003). In this contribution, we use these early sensing models to gain an under-
standing about what to expect when particle size decreases to the nanometer range.

When an MOS gas sensor is exposed to reducing gases, such as H2, CO, and CH4,
at a sufficiently high temperature, the chemisorbed oxygen reacts with the reducing
gases, lowering the steady-state surface coverage of the oxygen while injecting
electrons into the MOS crystallites and thus lowering the height of the potential
barriers at the intergranular contacts (qVs in Fig. 10.1). The important reactions
involved in this type of gas sensor may thus be summarized as follows.

Oxygen Reactions
MOþ Oþ e� ! MO� O� between 150

�
C and 300

�
C

� � ð10:6Þ
MOþ 2Oþ e� ! MO� O2

� between 30
�
C and 150

�
C

� � ð10:7Þ

As a result, electrons are extracted and resistance goes up.

Reducing Gas Reactions Reducing gas molecules (R) react with the chemisorbed
oxygen at the grain boundaries and/or necks:

Fig. 10.9 Three grains of a semiconductor oxide showing how the intergranular contact resistance
comes about
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RþMO� O� ! MOþ ROþ e� ð10:8Þ

As a result, electrons are injected and resistance goes down.
Also, oxidizing gases can be detected. The oxidizing reactions may be summa-

rized as:

MO� O� þ Oþ e� ! MO� O2
� ð10:9Þ

As a result, electrons are extracted and resistance goes up even further. Therefore,
by measuring the change in the conductivity of the semiconductor oxide films, one
can detect reducing and oxidizing gases in the atmosphere.

The above analysis of the MOS sensing mechanism, for the sake of clarity and
brevity, is somewhat simplified. Indeed, not only a change in the number of free
electrons (and thus boundary layer thickness modulation) but also changes in
electron mobility may modulate the sensing response, as investigated by Ogawa
et al. and recently reviewed by Tricoli et al. (Ogawa et al. 1982; Tricoli et al. 2010).
Furthermore, there is still an ongoing debate in the MOS gas sensor community
about the possibility of another sensing mechanism altogether. Gurlo and Riedel
(2007) point out that, although it has been sought for a long time, there is not yet any
convincing spectroscopic evidence for oxygen “ionosorption” as shown in Fig. 10.1.
In their alternative model, there is no oxygen ionosorption on the MOS surface, and
the model focuses instead on oxygen vacancies at the surface, which are considered
to be “the determining factor in the chemiresistive behavior” (Zemel 1988). SnO2,
the model gas-sensing material, is oxygen deficient and therefore acts as an n-type
semiconductor, with oxygen vacancies that act as electron donors. Alternate reduc-
tion and reoxidation of the surface by gaseous oxygen control the surface conduc-
tivity and therefore the overall sensing behavior in this model.

Catalysts such as Pt enhance gas-sensing reactions of MOS via the spillover
effect. Spillover refers to the process in which the catalyst dissociates a gas molecule,
and then the atoms “spill over” onto the surface of the MOS. At the right temper-
ature, a gas reactant first adsorbs onto the surface of the catalyst particles and then
migrates to the oxide surface to react there with reactive surface oxygen species. For
this process to be possible, the spilled-over species must be able to migrate to the
interparticle contact (grain boundary or neck). As a consequence, for a catalyst to be
effective, there must be a very good dispersion of the catalyst particles so that they
are available near all contacts. Only then can the catalysts affect the interparticle
contact resistance that controls the gas sensor sensitivity. Importantly, in the case of
nanoparticles, there are several reports which indicate that the need for metal
catalysts is somewhat alleviated (Rothschild and Komem 2004a, b; Cukrov et al.
2001).

Porosity, grain size, and film thickness all play an important role in the LOD and
sensitivity of MOS gas sensors. Lee et al. (2000) carried out a comparative study of
thick- and thin-film SnO2 gas sensors in order to understand the differences in
gas-sensing characteristics as a function of the microstructure of the gas-sensing
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materials. Thin films, in their investigation, were deposited using metal organic
chemical vapor deposition (CVD), which yielded a dense compact microstructure
(Fig. 10.10). Thick porous films were derived from metal organic decomposition.
These thick films were made up of a network of loosely connected crystallites that
also featured several cracks (approx. 1 mm wide) as well as small pore channels at
the crystallite surfaces that all help in the penetration of gas molecules throughout
the material and thereby enhance the sensitivity (Fig. 10.10). Lee et al. confirmed a
much improved gas sensitivity in the case of porous thick-film microstructures
compared with compact thin layers of SnO2. In a porous MOS film, grain boundaries
are present in all directions, and more surface area is available for reactions (R1)–
(R3) to take place. In a compact film, on the other hand, only a limited exposed
surface area is affected by the presence of analyte gases. Therefore, porous films are
superior for gas-sensing purposes. In Fig. 10.2, we illustrate the surfaces that are
likely to participate in the resistance change of these two types of MOS gas-sensitive
material configurations.

Since the sensitivity of the high-surface-area porous gas sensors resides in the
high resistivity grain-boundary contact points, one wants to make the number of
these contact points as high as possible. So a thicker porous film is better. One also
wants to make these contact points as stable as possible. A powder that is not sintered
is pressure sensitive and quite unstable. In order to improve this, the MOS powders
are sintered, giving rise to the formation of necks between the grains in the powder.
The sensitivity of the film depends very much on the extent of the sintering of the

Fig. 10.10 Schematic of a gas-sensing reaction in (a) the compact layer and (b) the porous layer
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material. One should not sinter so much that the film becomes one compact layer,
reducing the porosity and thus the sensitivity of the sensor dramatically. In most
sintered MOS films, both necks and grain contacts are present. Neck-grain models
with different degrees of neck formation have been investigated by several research
groups.

Xu et al. (1991) proposed a model with a chain of crystallites connected mostly
by necks and sometimes by grain-boundary contacts. These authors assumed the
neck size (X) 0.8 times the crystallite size (D) and suggested that, when D is larger
than 2L, grain-boundary contacts display higher resistance and govern the electric
gas sensitivity of the chain (grain-boundary control). As D becomes smaller and
comparable to 2L, necks become most resistant, and therefore they start controlling
the gas sensitivity (neck control). Finally, when D is smaller than 2L, the resistance
of grains dominates the whole resistance of the chain, and the gas sensitivity in this
case is controlled by grains themselves (grain control) and yields the largest gas
sensor response.

Figure 10.11 demonstrates the three situations. Along the same line, Rothschild
and Komem [19] showed that the gas-induced variations in the trapped charge
density in the MOS are proportional to 1/D, where D is the average grain size. At
the nanoscale, the grain size can be decreased to match the Debye layer (L) thickness
(typical value is 100 nm – see above), or can even be made smaller, which leads to
the extraction of all electrons by the chemisorbed oxygen present. Such
nanostructures can thus be treated as gas sensor materials with uniformly changing
resistance upon exposure to gases (see grain control in Fig. 10.11).

Ma et al. (2002) carried out a theoretical study to better understand the depen-
dence of the grain-boundary potential barrier as a function of the density of electrons
trapped at the surface (nt) and electron density in the bulk of the material (nb). These
authors suggest a model for neck-grain boundary control in order to investigate the
combined effect of neck and grain boundaries in a sintered powder. For a constant
distribution of such donors, the height of the grain-boundary potential barrier (eVs;
see Fig. 10.9) is

Fig. 10.11 Schematic models for grain-size effects
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eVs ¼ e2n2t
2Σ0Σr nb

ð10:10Þ

where e is the electron charge, n is the surface electron density, ΣoΣr is the
permittivity, and nb denotes the free electron density in the grain body.

Assuming that the necks in a sintered ZnO powder are cylindrical, resistance
values were calculated for both neck and grain boundaries employing Eq. 10.10.
Like Xu et al. (1991), these authors concluded that gas sensitivity increases with
decreasing grain size, which results from increased neck control. From this discus-
sion, we can also appreciate that, in the case of a thin compact film, one likes the
thickness to be small, perhaps in the range of L or less, so as to have a completely
electron-depleted thin film.

We can conclude from the discussions so far on grain size, porosity, and thickness
that, for the best gas sensor performance, we need a thick film of lightly sintered
nanocrystalline, porous material. Nanocrystalline metal oxides offer other advan-
tages as well; they can operate at lower temperatures and might obviate the need for
expensive catalysts (Wang et al. 2010). Some words of caution are in order here with
respect to the ultimate MOS grain size and the optimal film thickness.

Nanomaterials do indeed not come without disadvantages. Especially, thermal
instabilities are worrisome since smaller MOS grains tend to agglomerate at lower
temperatures, and this leads to changing sensor characteristics over time. Thermal
degradation is responsible for temporal instabilities in device parameters and higher
drift rates. According to Korotcenkov and Cho (2010), the larger the grain size, the
wider the temperature range in which crystallites retain their size and shape without
changes. Conversely, the smaller the grain size, the lower the temperature at which
structural changes start taking effect; for example, films with a grain size of 2–3 nm
start transforming at temperatures of approximately 200 �C. The same authors
concluded that very small (approx. 20 nm) particles of SnO2 and In2O3 MOS
materials are not quite suitable for gas sensing above 500 �C, as the particles melt
and agglomerate at much lower temperatures than their respective bulk melting
points. An optimum approach that balances a high sensitivity by decreasing the
particle size with good stability, calibration frequency, and lifetime requirements of a
commercial gas sensor is therefore recommended. Above, we advocated making
porous, lightly sintered nanoparticles into a thick film for the ideal gas sensor
characteristics. On the other hand, some reports have shown that reducing the film
thickness does increase the sensor’s response considerably (Tricoli and Pratsinis
2010). This is in agreement with models of MOS sensor response to several analytes
(Becker et al. 2001) and has been discussed in detail recently by Tricoli et al. (2010).
Without more detailed studies, this is a hard argument to settle; indeed particle size,
degree of sintering, and thus porosity are all intertwined. Depending on the porosity
and particle size, either a thinner or a thicker film might be required.

MOS nanocatalysis can be considered as a bridge between homogeneous and
heterogeneous catalysis. Because of their nanosize, i.e., high surface area, the
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contact between reactants, gas sensors, and nanoparticles is huge. Pinna et al. (2004),
for example, demonstrated that gas sensors based on tin and indium oxide
nanopowders exhibited high sensitivity and good recovery time at low temperature.
Especially, indium oxide nanoparticles were highly sensitive toward NO2 with a
detection limit of 1 ppb at low temperatures.

Nanobelts (nanowire-like structures but with flat cross sections), nanorods, and
nanowires have all been successfully implemented as gas sensor materials and
continue to be investigated for their potential advantages over traditional materials.
These nanomaterial-based gas sensor devices are based either on mass assemblies of
nanoparticles (e.g., porous mats) or on one or a set of individual nanoparticles (e.g., a
small number of nanowires) (Sadek et al. 2007; Lee et al. 2008; Wang et al. 2008).

Sadek et al. (2007), for example, developed a conductometric H2, NO2, and
hydrocarbon gas sensor using a ZnO nanobelt film as the sensitive layer. In Sadek
et al.’s experiments, ZnO nanobelts display a structural morphology (wurtzite
family) characterized by a rectangular cross section and a uniform long structure
along their length. A mat of these nanobelts was deposited by radio frequency
(RF) sputtering on a heater element.

The sensing elements in sensors fabricated by Lee et al. (2008) are thin films
consisting of SnO2 nanorods. The nanorod films also were equipped with well-
dispersed Pd catalyst nanoparticles with an average diameter of 3 nm. These thin-
film nanorods were deposited using plasma-enhanced CVD (PECVD) with post-
plasma treatment. The surface of these nanorod thin films was modified with Pd
nanoparticles, and the sensing properties of the thus fabricated films were tested with
H2 and ethanol vapors. Yeom et al. (2008) employed nanomembranes for
pre-concentration of gases that were detected using a microfluidic sensor that
resulted in much enhanced sensitivity.

In another study by Liu et al. (2006), vanadium oxide nanobelts coated with MOS
nanoparticles such as Fe2O3, TiO2, and SnO2 were employed as hybrid sensor
nanostructures for sensing ethanol vapors. These vanadium pentoxide (V2O5)
nanobelts coated with MOS nanoparticles showed a much improved sensitivity
compared with the nanobelts alone. The authors suggest that the coated V2O5

nanobelts exhibit enhanced sensitivity owing to the synergy between electrical
transport through the largely depleted nanobelts and the effective gas sensing on
the high surface area MOS nanoparticles that inject electrons into the nanobelts. The
V2O5 nanobelts were synthesized using a chemical process based on a mild hydro-
thermal reaction of 0.1 M ammonium metavanadate solution in dilute nitric acid, and
the MOS nanoparticle coatings were fabricated from ferric nitrate, tetrabutyl titanate,
and tin tetrachloride in ethanol, for depositing Fe2O3, TiO2, and SnO2, respectively.
The sensing mechanism is clarified in Fig. 10.12 with a schematic drawing of a
longitudinal cross section of nanobelts coated with MOS nanoparticles.

Upon exposure to ethanol, the electron-depleted surface layers in both the
nanobelts and the nanoparticles are reduced because of the electron injection that
accompanies the reaction of ethanol with the reactive adsorbed oxygen species. The
authors believe that the boundaries between metal oxide grains on the V2O5

nanobelts dominate the sensor resistance.
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As micromachined heater elements tend to be mechanically less sturdy than the
ceramic substrate-based heaters in traditional gas sensors, we need to pay close
attention to how the MOS nanoparticles are deposited. Techniques that do not exert
mechanical pressure on the brittle micromachined heater substrates and result in
porous nanoparticle films constitute the more attractive technologies. RF sputtering,
for example, as used by Sadek et al. (2007), is a possible approach, but the process
needs to be modified so as to generate more porous films.

As another example, Cukrov et al. (2001) synthesized tin oxide nanoparticles
(average diameter 24 nm) and tested the O2 sensing properties of porous thin films
prepared by mechanochemical processing and spin coating. The mechanochemical
process uses a conventional ball mill in which the mechanical energy activates the
necessary chemical reactions and induces structural changes. These particles were
subsequently spin coated in a thin film on alumina substrates with interdigitated
electrodes (measuring electrodes on the front side and the heater on the back side).
These films were tested for their oxygen-sensing potential and were found to be
extremely stable and repeatable. Although the nanomaterial is very interesting
because it does not require any metal catalyst and because of its demonstrated
stability, spin coating is not a method of choice to coat the MOS on fragile
microelectromechanical system (MEMS) or nanoelectromechanical system
(NEMS) structures. Screen printing of electrodes and sensing materials, as often
employed in the construction of traditional gas sensors, is an even less attractive
candidate as significant pressure is exerted on the substrate in the silk screen printing
(Fine et al. 2010). During screen printing, pressure is exerted on the structures, and

Fig. 10.12 Schematic of the ethanol-sensing mechanism of vanadium oxide sensors coated with
SnO2, TiO2, and Fe2O3
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therefore it may not be a very useful technique for fabricating fragile nanogas
sensors (Viricelle et al. 2006).

Another nanopowder gas sensor, based on the synthesis of Al-doped TiO2

nanoparticles (average diameter 100 nm), was reported by Choi et al. (2007). The
nanopowder in this study was used to make thick-film gas sensors to measure CO
selectively and sensitively in an O2 environment. A thick film of this material was
prepared on an alumina substrate with interdigitated Pt-measuring electrodes. To
integrate the material with the measuring electrodes, the nanopowder was mixed in
an appropriate solvent (alpha teripineol) and, drop by drop, was deposited on the
electrodes followed by drying and densifying, at 100 �C and 800 �C, respectively, on
the thus deposited films. This chemical method as well as sol-gel techniques and
physical vapor deposition (Fine et al. 2010) are all feasible approaches to integrate
sensing materials on brittle MEMS and NEMS structures. An especially attractive
approach to deposit MOS locally on a brittle heater structure is to use the heat of the
heater element itself to initiate the CVD from a metallo-organic precursor. Such an
approach was pioneered by Cavicchi et al. (Sharma and Madou 2012), who depos-
ited films on the prefabricated gas heater structures employing thermally
activated CVD.

In CVD, a controlled mixture of precursors is brought in contact with a heated
substrate, which causes a chemical reaction between the vapor and the substrate and
leads to the deposition of a layer of the desired compound on the substrate. A basic
outline of the CVD method is illustrated in Fig. 10.13.

Commonly employed CVD techniques include atmospheric pressure CVD
(APCVD), aerosol-assisted CVD (AACVD), PECVD, and rapid thermal CVD. An
advantage of using CVD for gas sensor purposes is that the thickness and density of
the film can be optimized by controlling the concentration of the reagents in the
vapor and the time of deposition. A concentrated vapor precursor yields a compact
film that may grow at a rate of up to 1 μmmin�1; a rarified mixture of reagents on the
other hand deposits a more porous film at a considerably lower growth rate (Fine
et al. 2010).

Fig. 10.13 Basic outline of the CVD technique

10 Semiconductor Nanomaterials for Gas Sensor Applications 337



Two relevant CVD applications are by Shaw et al. and Ashraf et al. (Shaw et al.
2005; Ashraf et al. 2008). Shaw et al. employed AACVD for the deposition of
tungsten oxide from W (OPh)6 (the precursor) in toluene at 600 �C. After a
deposition time of 90 min, a 50–75-nm-thick fibrous film was obtained. The thus
fabricated films can be made thicker by using an electrical field in the CVD process.
The authors investigated the porosity of the tungsten oxide films, a feature, as we
know, of key importance for the utility of these films in gas sensing, at different
applied voltages. Ashraf et al. demonstrated that APCVD is an effective technique
for depositing tungsten films as thick as 3.6–6.7 mm. They used WCl6 as the
precursor vapor and operated the reactor at 625 �C in N2. The particles in these up
to 6.7-mm-thick tungsten oxide films were thin needle-like crystals with a high
surface area and high porosity. Significantly, Ashraf et al. found that the MOS films
deposited this way are more sensitive than those fabricated by screen printing.

Carbon nanotube (CNT)-based miniaturized gas sensors constitute yet another
innovation in nanogas sensing. A single-walled CNT is a one-molecule-thick layer
of graphite rolled into a cylinder with a diameter of a few nanometers. Multi-walled
CNTs are composed of several such graphite cylinders rolled up into one. The
distribution of electrons on their outer surface only makes CNTs extremely sensitive
to charge transfer and chemical doping effects by surrounding molecules (Zhang
et al. 2008). When electron-withdrawing or electron-donating gas molecules come in
contact with CNTs, it very dramatically changes the surface electron concentration.
CNT-based gas sensors show faster response, higher sensitivity, and lower operating
temperatures and detection ability for a wider variety of gases than any other
gas-sensitive materials (Suehiro et al. 2003). Because of these extensively perceived
advantages, the use of CNTs, both pristine and functionalized, continues to be
studied extensively. Unfortunately, the difficulty in making electrical contact to
CNTs and the tremendous variety of lengths, thicknesses, and conductivities they
come in have hampered progress. Our approach to nanogas sensing with suspended
CNWs (§5) constitutes a viable alternative to CNT-based gas sensing as we can
control contact resistance, thickness, and resistivity of the nanowires very well.

Gas-Sensing Characteristics of Metal Oxides

(A) Sensitivity

It is the response of a gas sensor per unit change in the gas concentration. Since metal
oxide gas sensors are based on the principle of chemiresistivity, it is generally
defined in terms of conductance or resistance. For n-type material in the presence
of reducing gas and p-type material in the presence of oxidizing gas, sensitivity can
be defined as:

S ¼ Ra � Rg
� �

=Rg

where Ra and Rg are the stable values of the resistance of the material before and
after exposure to gas.
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(B) Selectivity

A sensor should respond to only a particular molecule in a mixture of environment.
The selectivity of a gas sensor toward a particular molecule is the ratio of its response
toward it and that of another dominant interfering molecule in the atmosphere.

Selectivity of an gas sensor ¼ sensitivity of particular molecule
sensitivity towards an interferrent

Selectivity of a gas sensor should be always greater than one.

(C) Accuracy

Accuracy represents the degree of exactness of a measurement compared to the
true value.

(D) Speed of Response

The time required for a sensor to reach 90% of the total response of the signal
such as resistance upon exposure to the target gas.

(E) Recovery Time

The time required for a sensor to return to 90% of the original baseline signal
upon removal of target gas.

(F) Detection Limit

It is the lowest concentration of the gas that can be detected under given
conditions, particularly at a given temperature.

(G) Precision

It is a measure of repeatability of a gas sensor.

(H) Error

It is the difference between the measurand value and true value.

(I) Dynamic Range

The concentration range between the detection limit and the upper limiting
concentration.

(J) Linearity

The relative deviation of an experimentally determined calibration graph from an
ideal straight line. Usually values for linearity are specified for a definite concentra-
tion range.

(K) Resolution

The lowest concentration difference which can be distinguished when the com-
position is varied continuously. This parameter is important chiefly for detectors in
flowing streams.
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(L) Stability

The ability of the sensor to maintain its performance for a certain period of time.
As a measure of stability, drift values are used, e.g., the signal variation for zero
concentration.

(M) Life Cycle

The length of time over which the sensor will operate. The maximum storage time
(shelf life) must be distinguished from the maximum operating life. The latter can be
specified either for continuous operation or for repeated on-off cycles (Jimenez-
Cadena et al. 2007; Korotcenkov 2007a, b; Wang et al. 2010).

Table 10.1 is summarizing the comparison of various kinds of the mentioned gas
sensors and its most proper parameters that have been studied by Korotcenkov
(2007a, b).

10.3 Applications of Gas Sensors

While the previous sections focused on the scientific breakthroughs achieved by
constantly pushing the fundaments of sensing materials and devices, focus in the
following is addressed toward the applicative aspects of chemoresistive gas sensors.

Rapid, comprehensive, and reliable information regarding the chemical state of a
gaseous system is currently indispensable in many high-technology fields. Solid-
state gas sensors are thus generating tremendous interest because of their widespread
applications in industry, environmental monitoring, space exploration, biomedicine,
and pharmaceutics. Generally, basic criteria for these practical gas-sensing devices
are (i) high sensitivity and selectivity; (ii) fast response time and recovery time; (iii)
low power consumption; (iv) low operating temperature and temperature indepen-
dence; and (v) high stability (Hung et al. 2017).

Table 10.1 Comparison of various types of gas sensors

Parameters Kinds of gas sensors

SMO Electrochemical
Catalytic
combustion

Thermal
conductivity

Infrared
absorption

Sensitivity H G G L H

Selectivity M G L L H

Response time H M G G L

Durability G M G G H

Accuracy G G G G H

Stability G L G G G

Suitability to portable
instruments

H M G G L

H high, G good, M moderate, L low
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For most of the practical applications, a relevant problem is not only to estimate
the target gas concentration but also to identify it in the real mixture (outdoor and
indoor ambient, exhaust gases, breath). Unfortunately, chemoresistive gas sensors
are very sensitive but not selective. Such a task can therefore not be performed by a
single sensor. E-nose, an artificial olfactory system consisting of an array of sensors,
then needs to be used. Each sensor shows an individual response to all (or to a certain
subset) of the target gases which are identified by pattern recognition of the sensor
signals, e.g., that developed by Cyrano Sciences is based on the concept of using
multiple semi-selective sensors combined with electronic computation, first pro-
posed by Gardner and Bartlett (Wilson and Baietto 2009).

In the following, some of the most important applicative fields of semiconductor
gas sensors are listed.

10.3.1 Environmental Applications

In environmental applications, field-portable monitors based on chemoresistive
sensor devices are particularly suited to comply with the newly reinforced environ-
mental regulations and give a valuable alternative to conventional analytical tech-
niques; they are accurate but more expensive and time-consuming (Yamazoe and
Miura 1994). Metal oxide semiconductor sensors are relatively inexpensive com-
pared to other sensing technologies; they are also robust, lightweight, and long-
lasting and benefit from high material sensitivity and quick response times. These
properties could lead them to becoming ever more important tools in environmental
monitoring with respect to the other type of sensors. They can be used to measure
and monitor trace amounts of environmentally important gases such as carbon
monoxide and nitrogen dioxide (Fine et al. 2010). Today, it is also highly desirable
to develop simple and inexpensive sensors to measure atmospheric carbon dioxide in
order to monitor indoor air quality (Marsal et al. 2003).

10.3.2 Automotive Applications

The ability of chemosensors based on refractory metal oxides to withstand high temper-
atures, the robust nature, efficient packaging procedures, and small size are strong
technical merits for automotive applications. Indeed, usually high temperatures are
reached in the exhausts, and sensor devices should operate in the range 600–900 �C in
a harsh ambient requiring advanced packaging. Another requirement for these sensors is
reaction measurement speed of the order of fraction of seconds and 5–10-year service life.
As a result of the introduction of emergent technologies in the automotive industry, new
vehicle diagnostic sensors are at present necessary to control motor functioning, monitor a
range of emission gases (NO, NO2, CO, CO2, HC, O2, etc.), and detect high pollution
levels in the vehicle cabin (Pijolat et al. 1999).
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Chemoresistive sensors can be used to minimize the emission of CO, hydrocar-
bons, and nitrogen oxides coming from combustion engines. It is important for the
engine to operate with the proper air-to-fuel ratio (A/F) so that combustion param-
eters are optimized. The first titania gas sensors were developed in the late 1970s and
early 1980s. They were primarily used to detect the stoichiometric A/F (Cederquist
et al. 1976). In these instances, the sensor resistance increased by orders of magni-
tude around the stoichiometric A/F, making it a very useful device for these
applications.

Chemoresistive sensors will have high importance also in future cars. In fact, CO
sensors have been identified as a critical need for proton exchange membrane (PEM)
fuel cell systems, which offer a viable approach to improve efficiency of power
generation from fossil fuels, while reducing emissions of pollutants and greenhouse
gases (Holt et al. 2002). The primary uses of such sensors include measurement of
the CO content of the reformate gas entering the PEM fuel cell (i.e., for fuel cell
protection) and measurement of the CO content of the reformate gas at various
catalytic stages of the fuel processor (for fuel processor feedback and control). A
further requirement is that these sensors must not exhibit cross sensitivities to the
gaseous components of the reformed gases (e.g., hydrogen, carbon dioxide, and/or
humidity) or to other potential contaminants.

10.3.3 Biomedical Applications

Biomedical uses of chemoresistive gas sensors (e.g., in breath test) require instead
high sensitivity to detect very low concentrations of target gases (in the ppt-ppm
range), coming from biochemical processes occurring in the human body and used
as markers for several pathologies (152 D’Amico et al. 2008). Furthermore, the
target gas is to be analyzed and quantified in a complex mixture, i.e., in the presence
of many other interferent gases and a high humidity content. Such sensors can
complement or serve as an alternative to more sophisticated spectrometric systems
for breath analysis and speciation, especially for clinical diagnostics and monitoring
(Righettoni et al. 2015).

10.3.4 Health-Care Application

In the human gas breath, detection technique can be obtained; decreasing the cost of
the system is essential for the spread of the breath-analyzing system. Sensor device
or a detector that aimed to a high-performance breath gas detector at the medical
diagnosis level was developed by Ohsawa et al. (2007).

The main gas composition of human breath consists of the following gases:

(i) Nitrogen that is the most common gas in atmosphere
(ii) Carbon dioxide produced by respiration
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(iii) Water vapor generated from bodily fluids
(iv) Oxygen that was not consumed

Table 10.2 is a summary of the sensing methods and the relationships between the
physical conditions or diseases and various biogases (Shin et al. 2015).

For such analysis or health screening, technologies are necessary to selectively
detect various gas compounds in the breath and to measure the concentration of
important gas species that are correlated with halitosis, metabolism, and disease
(Shin et al. 2011).

Recently, the capacities to monitor health conditions and to predict disease
noninvasively became easy without infringing the Medical Practitioners Act. One
of the simple ways of detection is to make predictions based on biogas, just as in the
previous times when the physicians made decisions by smelling the odor from
patients. A representative example is alcohol detection tool in the breath, which
will be nearly commercially available. However, drunkenness is caused by an
external factor, and it is not an index of a human state. Also, there are devices of
urea breath test to detect carbamide peroxide and other devices used for asthma
patients to measure nitric oxide (Itoh et al. 2013).

Research is being conducted actively to clarify the relationships between various
diseases and breath components, such as monitoring the liver function using ammo-
nia, evaluation of cholesterol metabolism by isoprene, and monitoring the blood
carboxyhemoglobin by carbon monoxide (Shin et al. 2015).

Table 10.2 Comparison of various types of gas sensors

Type of
gas Name of gas

Chemical
formula Relation to physical condition

Reducing Hydrogen H2 Abnormality of intestinal
anaerobes

Semiconductor
(ppm)

Methane CH4 Abnormality of intestinal
anaerobes

Carbon
monoxide

CO Smoking and oxidation stress ElectroChem.
(ppm)

Ethanol C2H5OH Drinking

Acetone CH3COCH3 Diabetes, obesity, and dieting Semiconductor
(ppm)Hydrogen

peroxide
H2O2 Smoking

Isoprene C5H8 Cholesterol synthesis
intermediates

Sulfur Hydrogen
sulfide

H2S Periodontitis GC/MS(ppb)

Methyl
mercaptan

CH3SH Periodontitis, liver disease,
colon cancer

Amine Ammonia NH3 Hepatitis, H. Pylori test Semiconductor
(ppm)

VOC Nonanaldehyde C9H18O Lung cancer GC/MS(ppb)

Benzene C6H6
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10.3.5 Miscellaneous Applications

During recent years, single or array of metal oxide semiconductor (MOS) sensors have
found applications in many other different fields than those listed above, including odor
landfill, chemical agent warfare detection, food quality control, etc. (Casalinuovo and
Pierro 2006). These technologies enable rapid detection and identification of substances
based on their chemical profile. They find applications in the monitoring of some medical
conditions as well as industrial applications generally related to quality control or con-
tamination detection. A new multichamber electronic nose (MCE-nose) which over-
comes, to a great extent, one of the major disadvantages of the use of MOS technology
for e-noses – the long recovery period needed after each gas exposure that severely
restricts its use in applications where the gas concentrations may change rapidly – has
been also proposed (G-Jimenez et al. 2011). It comprises several identical sets of MOS
sensors accommodated in separate chambers which alternate between sensing and recov-
ery states, providing, as a whole, a device capable of sensing more quickly changes in
chemical concentrations.

10.3.6 New Opportunities

Although resistive gas sensors are still commercialized intensively as bulk devices,
there is a strong demand for novel, smaller, integrated, high-performance, and
reliable devices for advanced applications. Technological advances will assist gas
sensor device scale of economies by exploring more efficient fabrication methods
that may include material and component assembly into the final device.

At the material level, technological advances will arise from multidisciplinary
contributions, which will hopefully open up new areas of nanoscience research. In
the past few years, large efforts have been expended in the development of new
synthetic approaches for sensing materials at the nanoscale. Advances in recent
activities concerning the synthesis, characterization, and properties of novel mate-
rials with potential in sensing applications can be found in many reviews (Neri 2011;
Carbone and Cozzoli 2010). Among the obvious challenges are improving repro-
ducibly and control over nanoparticle structure, surface chemistry, and dispersion.

Future work will continue to focus also on generating improved component
assembly and device fabrication strategies. For small- or medium-scale batch pro-
duction, a hybrid design whereby component parts are created separately for subse-
quent assembly into a complete system is an attractive option, as it removes many of
the restrictions imposed by the need for process compatibility.

Integrated gas sensor with a microhotplate (MHP) demonstrates better sensitivity,
faster response, and lower power consumption than traditional thick-film devices.
For the detection of a target gas, a gas-sensitive layer is applied on a suspended
microhotplate that is mounted on top of a silicon chip. Any gas-induced change of
the gas-sensitive layer’s surface potential is detected and digitally processed by the
integrated electronics.
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Sensor platforms robust enough for integration into standard, industrial weaving
processes have been proposed (Ataman et al. 2013). Such sensors were fabricated on
a thin, flexible plastic stripe and woven into a cotton fabric by using a standard
weaving machine, to create a smart fabric able to detect ambient gas. The fabrication
process is actually very simple and compatible with large-scale roll-to-roll fabrica-
tion. Inkjet printing can be used as an effective, low-cost alternative, suitable for the
fabrication of long sensor stripes. Bending tests performed on the devices showed
that they can be successfully woven within a cotton fabric using a standard weaving
machine without being damaged.

From a processing point of view, employing modern microelectronics technology
to manufacture both the sensing element and the signal conditioning circuitry on a
single silicon chip is now possible to make low-power, low-cost smart gas sensors in
high volume, and this should result in a new generation of miniaturized gas sensors
(Gardner et al. 2010). Full integration of microelectronic and micro-mechanical
components on a single wafer has been achieved commercially using silicon
processing technology.

The sensing element is comprised of a sensing chip and an integrated heater
fabricated on a silicon substrate using MEMS technology and a metal oxide semi-
conductor layer on the sensing chip. Due to miniaturization of the sensing chip, the
sensor requires a heater power consumption of only 15 mW and is suitable for
low-power equipment and battery-operated instruments. We expect many areas will
benefit from these miniaturized sensors, including transportation (land, sea, air, and
space), buildings and facilities (homes, offices, and factories), humans (especially
for health and medical monitoring), and robotics of all types.

Recent technological advances are quickly changing the landscape of gas sensors.
As these devices are becoming smaller in size, require less support infrastructure
than currently used equipment, and are capable of operating autonomously, new
opportunity for gas sensors could come from their integration into smartphones [86].
Chemical sensors, integrated within smartphones and other wireless and wearable
devices, provide a vast array of functionality, from informing people about their
conditions through breath analysis. For example, background apps on a smartphone
can monitor CO or CO2 levels and provide safe/warning/alert indication to the user
about possible dangerous changes in their environment.

Furthermore, monitoring devices can become simpler and cheaper as the compu-
tation is pushed to the cloud. This enables users to buy off-the-shelf devices and
access customized monitoring applications via cloud-based services.

10.4 Conclusions

In this study, the historical progress of semiconductor gas sensors carried out during
the past century has been briefly reviewed. As it follows from conducted analysis,
the choice of an appropriate material for gas sensors should be based on good gas
response time, high selectivity, low sensitivity to air humidity, low hysteresis,
thermal cycling, high stability of parameters over the time, all range of operation
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temperatures, and on exposure to the various chemicals likely to be present in the
environment. Therefore required efficiency of reactions, responsible for gas sensors’
sensitivity, is necessary to achieve, taking into account the necessity of an attainment
of maximum chemical, structural, and long-term stability of the device’s parameters.

Such requirements drive the trends of R&D in gas sensors industry, which in turn
fuels opportunities for technology progress that can open up new applications of gas
sensors. Whereas many different approaches to gas detection are available, the R&D
of solid-state gas sensors has extremely developed in recent years. Due to the
diversity of solid-state gas sensors, it’s impossible to deal with all the different
types of solid-state gas sensors. Hence, herewith we focused on the basics of some of
the main solid-state gas sensors, discussing the principles of operation for each and
the future trends of the scientific research. In particular, metal oxide gas sensors were
discussed in more detailed with respect to the other types of solid-state gas sensors
due to their comparative simplicity, low cost, and advantages that should work in
their favor as new types of applications and technologies emerge.

In the next few days, there is no doubt that nanostructured metal oxides will
constitute the key for the development of semiconducting gas sensors with improved
gas-sensing properties. Not only in chemical gas sensors but also in solid-state gas
sensors nanocrystalline materials will play a fundamental role in the gas sensors of
new generation. In fact, nanoscience and nanotechnology are dedicating great efforts
to developing of novel materials for gas sensor applications. This new classification
of nanostructures shows a great potential for applications in ultrasmall sensors
because the conductivity of these materials changes dramatically when gas or liquid
molecules attach their surfaces. In addition, with the development of standard
wireless communication protocols optimized for sensors, wireless sensor network
is expected to gain a wide approval in applications such as homeland security,
process monitoring, food monitoring, and medical instrumentation.

Creation of new sensitive, selective, and stable gas sensor materials is one of the
most important and actual tasks of nanotechnology.
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