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Preface

Albert Einstein said, “The environment is everything that isn’t me”. The environ-
ment is everything that surrounds us which can be living or nonliving things. But
nowadays, environmental pollution is one of the major problems that affects biodi-
versity, ecosystems, and human health worldwide by contaminating air, soil, and
water. Public concern about environmental pollution has increased extensively since
the beginning of the twentieth century with growing awareness of the stresses being
placed on the environment due to activities arising from both industrial activity and
intensive agriculture, and as a consequence of high-profile incidents that have
highlighted the risks of pollution for human health. The limitation in the conven-
tional method of materials used in water remediation for organic, inorganic, and
microbial contaminants and efficacy of these materials makes the research commu-
nity to shift toward nanotechnology aid for environmental needs. Richard Feynman
said, “For a successful technology, reality must take precedence over public rela-
tions, for Nature cannot be fooled.” Nanomaterials represent a promising new
technology for rapid environmental clean-up and pollution control. Environmental
nanotechnology would offer an innovative mechanism to remediate and treat the
contaminants to the acceptable level. This book provides a wide-range exploration
on the ongoing research and development events in environmental nanotechnology.
We anticipate that this book will make noteworthy appeal to scientist and researchers
working in the field of nanotechnology for environmental sciences.

Riyadh, Saudi Arabia Mu. Naushad
Arica, Chile Saravanan Rajendran
Santiago, Chile Francisco Gracia
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Abstract Natural causes of pollution are unavoidable; however, man-made pollution
is increasing and causing alarming health issues, declining availability of clean water,
and a lesser supply of good food. The limitations of conventional methods and
materials used in water remediation to eliminate organic, inorganic, and microbial
contaminants have prompted the research community to pursue nanotechnological
aids for environmental needs. Nanomaterials have great advantages over bulk mate-
rials because of their greater surface area, higher reactivity, and hence better perfor-
mance. The size effect of nanomaterialas is more of realistic perspective; thus, future
technologies will be more focused on product development of nanotechnology for low
cost but could extend to high-end users. In this chapter, we discuss nanostructured
materials in the carbon family and the importance of metal oxides and magnetic
materials in environmental remediation. We also outline the present need for
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nanomaterials in environmental applications and the nanomaterials currently being
used for water remediation, antibacterial coatings, and biosensor applications.

Keywords Nanomaterials · Environment · Water treatment · Photocatalysis ·
Sensors · Antimicrobial

1.1 The Need for a Sustainable Environment

The Brundtland Commission (formerly known as the World Commission on the
Environment and Development) united all countries to pursue sustainable develop-
ment together. In the commission’s report in 1987, it was stated that “sustainable
development is a development, that needs of the present without compromising the
ability of future generations to meet their own needs” (Wood 1993). In this millen-
nium, there is growing concern that life on earth is imperiled by the destruction of
nature, wrought by human intervention. The hole in the ozone layer, the prospect of
global warming, loss of biodiversity, and the dangers of radioactive and hazardous
wastes create a problem for current and future generations. The Earth Summit in Rio
de Janeiro in 1992 issued a declaration on the environment and development, which
articulated that “to achieve sustainable development, environmental protection shall
constitute an integral part of the development process and cannot be considered in
isolation from it” (United Nations 1992). At the 2012 Rio Earth Summit, four main
issues were addressed: (1) systematic scrutiny of the production of toxic and radioac-
tive chemicals, (2) need for development of renewable energy resources as a replace-
ment for fossil fuels, (3) health problems caused by air pollution due to vehicle
emissions, and (4) scarcity of noncontaminated water and growing need for drinking
water (Tollefson and Gilbert 2012; Cardinale et al. 2012; Haines et al. 2012). Although
the human population growth rate is decreasing, the world’s population is expected to
increase from the present 7.4 billion to 9.2 billion by 2040 (Roser and Ortiz-Ospina
2017). This will create immense pressure on the scarcity of energy, food, and
medicine, with diminishing forests and natural resources.

The quality of surface water or groundwater depends on both natural influences and
human influences. Organic chemicals and pathogens potentially can enter wherever
surface water makes its way into groundwater. The presence of emerging pollutants in
water bodies traditionally could be the result of point (mainly urban and industrial)
pollution or diffuse (agricultural) pollution. Nonpoint-source pollution usually
involves large areas and may cause a larger impact on groundwater quality than
point-source pollution. The World Health Organization (WHO) directs global efforts
to prevent transmission of waterborne disease and also advises governments on the
development of health-based targets and regulations (WHO 2018). Contaminated
water and poor sanitation are linked to transmission of diseases such as cholera,
diarrhea, dysentery, hepatitis A, typhoid, and polio. The WHO has reported that by
2025, half of the world’s population will be living in water-stressed areas. In low- and
middle-income countries, 38% of health care facilities lack improved water sources,
19% do not have improved sanitation, and 35% lack water and soap for hand washing.

2 D. Durgalakshmi et al.



Drinking water may reasonably be expected to contain at least small amounts of
some contaminants (see Table 1.1). Although some contaminants may be harmful if
consumed at certain levels in drinking water, the presence of contaminants does not
necessarily indicate that the water poses a health risk (EPA 2016). Drinking water
contaminants are generally categorized as physical, chemical, radiological, or biolog-
ical (World Health Organization 2004; Faust and Aly 2018), and these categories are
used in the definition of contaminants given in the US Safe Drinking Water Act
(SDWA) (EPA 2016). Physical contaminantions are mostly the first indicator, indi-
cating that water has become contaminated. Sediment and organic material suspended
in the water of lakes, rivers, and streams, from soil erosion, are examples of physical
contaminants. Chemical contaminants include elements or compounds that may occur
naturally or may be man made. Examples of chemical contaminants include nitrogen,
bleach, salts, pesticides, metals, toxins produced by bacteria, and human or animal
drugs. Chemical contaminants can be categorized as organic or inorganic. Organic
contaminants in the environment are more prevalent than inorganic contaminants. The
main organic water contaminants are listed in Table 1.2 (Lamastra et al. 2016).
Organic contaminants can be further subdivided into halogenated, nonhalogenated,
and pharmaceutical contaminants (Pan and Zhang 2013; Jobst et al. 2013; Li et al.
2014; Adeleye et al. 2016). The compounds that compose the inorganic fraction of
groundwater are heavily influenced by interactions between source water and soils. As
source water moves through a soil, a chemical reaction takes place in the soil: water
interface will change the composition of both phases. Inorganic chemicals that occur
naturally in soils, sediments, rocks, and dissolved mineral matter can also degrade the
quality of groundwater. This classification of inorganic pollutants includes metal
cations and some anions. Among the metal cations that have been found to pollute
water and soils are Pb, Cr, Cu, Zn, Co, Mn, Ni, Hg, and Cd, while radioactive isotopes
of Pu, Cs, and Sr, among others, pose potential threats as pollutants. In some
situations, some anionic species such as phosphates, arsenate, borate, and nitrates
are also considered pollutants (Manahan 2017).

Microbiological organisms in water are generally referred to as biological contam-
inants. Examples include viruses, bacteria, protozoans, and parasites (Ashbolt 2015).
Radiological contaminants are chemical elements with unstable atoms that can emit
ionizing radiation. Because the presence of ionizing radiation is one of the standard
features of the earth’s surface, the adverse effects on health that may be ascribed to
radioactive contaminants in drinking water have been assessed in relation to the
average background radiation dose, from all sources, of 100 mrem per year (NRC
2016). Examples of radiological contaminants include cesium, plutonium, and
uranium.

1.2 Nanomaterial Aids for Water Treatment

Many current problems involving water quality could be resolved or greatly ameliorated
using nanosorbents, nanocatalysts, bioactive nanoparticles, and nanostructured catalytic
membranes (Savage and Diallo 2005; Mohmood et al. 2013; Gehrke et al. 2015).

1 Current Role of Nanomaterials in Environmental Remediation 3
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Advances in nanoscale science and engineering suggest that nanoparticles can
enhance filtration among other materials, and innovations in the development of
novel technologies to desalinate water are among the most exciting and promising
advances. Nanotechnology-derived products can potentially reduce the concentra-
tions of toxic compounds to sub–part per billion levels and assist in the attainment of
water quality standards as prescribed by health advisories (Savage and Diallo 2005).
This ability may be due to the particle size of the contaminants observed in water
bodies, as shown in Fig. 1.1 (Stumm 1977). Innovations in the development of novel
technologies to desalinate water are among the most exciting and promising
advances due to the size effect, as nanoparticles can interact one to one with the
targeted particulates. Figure 1.2 illustrates some distinctive environmental
nanocomposites and their properties (Zhang et al. 2016). Use of specific
nanoparticles, either embedded in membranes or on other structural media, can
rapidly purify contaminants in unusable water. In addition to the obvious advantages
for industrialized nations, the benefits for developing countries would also be
enormous (Kharisov et al. 2016). Innovative use of nanoparticles for treatment of
industrial wastewater is another potentially useful application.

1.2.1 Carbon-Based Nanostructures

With increasing interest in nanotechnology, many types of metallic and carbon-
based nanomaterials have emerged. Graphene (G), graphene oxide (GO), single-
walled carbon nanotubes (SWNTs), and multiwalled carbon nanotubes (MWNTs)
have been investigated as potential advanced water purification agents (Smith and
Rodrigues 2015; Perreault et al. 2015; Al-Othman et al. 2012). Properties such as a
large surface area, ease of chemical or physical modification, tuning of properties
for particular applications, and excellent capacity for microbial disinfection and
removal of both organic and inorganic contaminants mean that carbon-based
nanomaterials and their respective nanocomposites offer many possibilities for
novel applications in water treatment (Fig. 1.3) (Smith and Rodrigues 2015). These

Table 1.2 Main organic contaminants in water (Lamastra et al. 2016)

Compound group Compound class

Pharmaceuticals Veterinary and human antibiotics, analgesics, anti-inflammatories, steroids
and hormones, antidiabetic agents, antidepressants, stimulants, x-ray con-
trast agents, lipid regulators, blood viscosity–affecting agents

Personal care
products

Fragrances, sunscreen agents, insect repellents, antiseptics, surfactants

Pesticides Insecticides, fungicides, herbicides, nematocides, biocides

Food additives Antioxidants, sweeteners

Manufacturing
additives

Corrosion inhibitors, flame retardants, gas propellants, plasticizers, plastic
additives, stain repellents, surfactants, antioxidants, solvents, paraffin
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Fig. 1.1 Spectrum of particle sizes that may be observed in natural waters and in groundwater. The
conventional physical process of separation of particles is also indicated. (Adapted from Stumm
(1977) with permission. Copyright (1977) American Chemical Society)

Polymeric nano-composites

Mineral based nano-composites

Magnetic nano-composites

Fe3O4

Nano-composite membranes

Functional nanoparticle

•  Adsorption/separation
Functions

•  Surface complexation
•  Electro-static attraction

•  Hydrogen bonding
•  Hydrophobic effect

•  Reduced band gap energy

•  Cell membrane disruption

•  Signal enhancement

•  Inhibited e-/h+

 recombination

•  π−π bonding

Properties

•  Reduction/oxidation

•  (Photo)catalysis

•  Anti-bacterial

•  Sensing

Activated carbon nano-composites

Fig. 1.2 Distinctive environmental nanocomposites and their properties (Zhang et al. 2016)
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materials are seldom applied in their pure forms; however, graphene has been
incorporated into a variety of composite materials because of its extremely large
specific surface area and ease of broad functionalization, which offers abundant
“anchoring” sites for various functional nanoparticles, including magnetic Fe3O4,
photoreactive TiO2, antimicrobial Ag and Au, and multifunctional nanocomposites
such as graphene–TiO2–magnetite and graphene–Au–magnetite (Jiang et al. 2016;
Rakkesh et al. 2014, 2015). Carbon-based nanomaterials, such as graphene and
carbon nanotubes (CNTs), can be found in functionalized or nonfunctionalized
forms. For instance, graphene or CNTs can be functionalized with –OH and
–COOH groups via chemical oxidation methods to produce graphene oxide and
functionalized CNTs, which are highly dispersible in water in comparison with
their pristine counterparts (Vardharajula et al. 2012).

The functionalization of carbon-based nanomaterials serves two major purposes
(Hebbar et al. 2017). First, it improves the hydrophilicity of CNTs and graphene,

Fig. 1.3 Relative sizes of major classes of carbon nanomaterials and common water contaminants
(Smith and Rodrigues 2015)
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improving their dispersion in aqueous media. Better dispersion increases the avail-
able surface of each nanoparticle and thus its exposure to microbial and chemical
contaminants. Second, depending on the surface charge properties of the target
contaminant, nanomaterial surfaces can be modified to maximize electrostatic inter-
actions between the sorbent and sorbate to improve sorption capacity. Electrostatic
interaction has been found to be the main driving force behind adsorption of
positively charged compounds (i.e., heavy metals) by negatively charged
functionalized CNTs or graphene oxide. In addition, aggregated forms of carbon
nanomaterials contain more mesopores than many conventional carbon-based adsor-
bents such as granular activated carbon (GAC), which has more microscale pores.
Mesopores provide easier access to both large and small fractions of contaminant
compounds on the adsorbent surface (Smith and Rodrigues 2015).

In conventional treatment plants, GAC filters are frequently used to remove heavy
metals by adsorption. However, this method often fails to meet regulatory require-
ments because of its poor removal efficiency at low concentrations of heavy metals
and its slow adsorption rates. Recent studies have shown that CNTs and graphene
oxide, in particular, are capable of removing significant amounts of heavy metals
from aqueous solutions. In most studies involving nanotubes, SWNTs have been
able to successfully remove Pb2+, Zn2+, Cd2+, and Cu2+ from aqueous solutions
(Sadegh et al. 2016; Suárez-Iglesias et al. 2017). The results from studies investi-
gating the affinity order of heavy metal ions for CNTs have been contradictory.
Furthermore, these studies have demonstrated that the adsorption capacity of CNTs
is highly dependent on the pH of the solution. A common point in all of these studies
is that these nanomaterials exhibit significantly higher adsorption capacities than any
other conventional adsorbents in similar experimental conditions. Another attractive
feature of graphene is its intrinsic antimicrobial properties, which have led to
applications in antimicrobial coatings and antifouling membranes. The postulated
mechanisms of bacterial inactivation/cell membrane damage include physical dis-
ruption, oxidative stress, and extraction of phospholipids from cell membranes
(Jiang et al. 2016).

1.2.2 Metal and Metal Oxide Nanomaterials

Nanosized metals and metal oxides have received ever-increasing attention because
of their high performance and low cost for contaminant removal (Saravanan et al.
2011). Nanomaterials, especially inorganic nanomaterials (metals, metal oxides,
metal sulfates, quantum dots, etc.) with fundamental properties have attracted
considerable interest in the development of biomedicine, catalysis, fuel cells, sen-
sors, and magnetic data storage (Wu et al. 2016). In comparison with the simple
isotropic morphologies of inorganic NPs, novel anisotropic morphologies of inor-
ganic NPs give rise to new features and unique physicochemical properties due to
the number of step edges and kink sites on the surface and the high surface area to
volume ratios in the nanoscale regime (see Figs. 1.4 and 1.5) (Tran and Lu 2011;
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Jing et al. 2014; Eguchi et al. 2012). For instance, polyhedral Au NPs with high-
index facets exhibit excellent optical and catalytic properties. Nanosized metals and
metal oxides mainly include nanosized zero-valent iron, ferric oxides, aluminum
oxides, manganese oxides, titanium oxides, magnesium oxides, and cerium oxides
(Chen et al. 2014; Zhang et al. 2013; Dasgupta et al. 2017). Alumina is a classical
adsorbent, and its γ-alumina form is anticipated to be more adsorptive than
α-alumina (Afkhami et al. 2010). Recently, nanosized ZnO was found to be capable
of removing various contaminants, with high performance and selectivity. The
synthesized ZnO featured a small crystallite size, abundant surface defects, a wide
band gap, and capability to hinder electron–hole pair recombination (Kumar and Rao
2015). It also exhibited significant photocatalytic and antibacterial activity. Further-
more, some studies have pointed out that by doping of nanosized metal oxides with
Fe, N, Cu, Zr, Co, or Ce, the photocatalytic activity and stability of the metal oxide
nanoparticles could be significantly enhanced (Hernández-Alonso et al. 2009;

Low HighReductant concentration

Fig. 1.4 Scanning electron microscopy images of monodispersed polyhedral Au nanoparticles.
(Adapted from Eguchi et al. (2012), with permission. Copyright (2012) American Chemical
Society)

Fig. 1.5 Structure–property relationship of palladium nanocrystals (Pd NCs), showing the effects
of different shapes on their reactivity. (Adapted from Collins et al. (2014), with permission.
Copyright (2014) American Chemical Society)
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Nagaveni et al. 2004; Narayana et al. 2011). During the last decade, titanium dioxide
(TiO2) nanoparticles have emerged as promising photocatalysts for water purifica-
tion (Rakkesh and Balakumar 2013). TiO2 particles are very versatile; they can serve
as both oxidative and reductive catalysts for organic and inorganic pollutants
(Hernández-Alonso et al. 2009; Nakata and Fujishima 2012).

1.2.3 Magnetic Nanoparticles

Nanomaterials in combination with polymers or other nanomaterials, such as mag-
netic particles, have great potential in the development of advanced functional
materials for water treatment. These nanohybrid materials will allow safer use of
these nanomaterials for water treatment since it will be possible to recover 100% of
the nanomaterials and avoid other adverse environmental impacts that might occur
from release of these materials into the environment. It will be important, however,
to investigate the removal efficiency of these nanocomposites for diverse biological
and chemical contaminants, as well as their potential for reusability prior to appli-
cations in water treatment. This would tremendously reduce the cost of this
technology.

Zero-valent iron (ZVI) is an effective tool for water remediation. Its reactivity has
been largely improved by the development of nanoscale ZVI (nZVI) (Fu et al. 2014;
Tosco et al. 2014). nZVI possesses many specific positive features such as high
reactivity toward a broad range of contaminants due to its large specific area and
diminutive size, which help to promote effective subsurface dispersion and injection
into aqueous slurries for remediation of contaminated areas. Studies have shown that
by manipulating the size of ZVI from the micron scale to the nanoscale, the rate
constant for pentavalent arsenate (As(V)) removal could be improved by 1–3 orders
of magnitude (Tosco et al. 2014). This outstanding reactivity of nZVI was presumed
to result from its significantly increased surface area and active sites, in comparison
with bulk ZVI. nZVI was also capable of removing other contaminants such as
nitrate, dyes, environmentally persistent toxic contaminants, and antibiotics through
adsorption, oxidation, reduction, and coprecipitation (Zhang et al. 2016).

Growing interest in the use of nanosized iron oxides for wastewater treatment has
resulted from their strong sorption capability, operational simplicity, and
resourceful. The phases of iron oxides discussed here are nonmagnetic goethite
(a-FeOOH) and hematite (α-Fe2O3), magnetic magnetite (Fe3O4) and maghemite
(γ-Fe2O3), and hydrous ferric oxides (HFOs) (Mu et al. 2017; Poulton et al. 2004).
Goethite and hematite incorporate a range of geochemically and environmentally
important oxy-anions and cations in their complex matrices (Mohapatra et al. 2010).
They have been considered efficient and low-cost absorbents for the mitigation of
various contaminants. A schematic representation of a water purification system with
a multilayered nanomaterial-based matrix—which could remove organic, inorganic,
and microbial contamination—is shown in Fig. 1.6.
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1.3 Nanomaterials in Chemosensors and Biosensors

To date, the use of CNTs (CNTs) and graphene, and their related species, has
received the greatest interest for use in sensing applications. In addition to
pristine graphene, several surface-treated forms such as photoluminescent
graphene oxide and reduced graphene oxide (RGO) have been used in sensing

Fig. 1.6 Nanomaterial-
packed layer for purification
of water contaminants
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applications (Chen et al. 2012; Baptista et al. 2015; Peik-See et al. 2014). The
purity of synthesized carbon nanostructures is an essential consideration for any
possible sensing application. Two key issues are the presence of (1) impurities,
which may interfere with the detection of analytes; and (2) a polydisperse
sample, which influences both the optical properties and the ability to form
ordered assemblies (Baptista et al. 2015). In general, carbon nanostructures
display poor solubility in aqueous solvents, where they are prone to aggregation
due to hydrophobic interactions. However, this can be addressed through surface
functionalization by covalent or noncovalent methods. Surface modification is
also used to introduce receptor sites for sensing. The diverse intrinsic properties
of carbon nanomaterials give rise to a range of sensing mechanisms, the most
common of which are (1) electrical, where binding of the analyte changes the
dielectric environment; (2) electrochemical, due to a redox process at the CNT
surface; and (3) optical, such as fluorescence quenching, where there is a loss of
emission due to the interaction between the carbon nanomaterials and the analyte
(Holzinger et al. 2014). The sensing of small molecules—including drugs, metal
ions, gaseous analytes, and biomolecules—is vitally important in the areas of
health, the environment, food, and safety (Yang et al. 2010). The sensing of metal
ions such as Fe2+, Zn2+, Ca2+, Na+, K+, and Mg2+ is very important in the area of
health (Baptista et al. 2015). Other important analytes for health include glucose,
neurotransmitters such as dopamine, gene sequences for disease diagnosis, and
illegal drug molecules. Sensors are also required for environmental monitoring of
metal ion pollutants and toxins; the detection of these pollutants in trace amounts,
especially mercury, is critically important (Baptista et al. 2015).

In addition to electrode materials, functional nanomaterials can not only produce
a synergic effect involving catalytic activity, conductivity, and biocompatibility to
accelerate signal transduction but also amplify biorecognition events with specifi-
cally designed signal tags, leading to highly sensitive biosensing. Extensive research
has led to advances in the construction of functional electrode materials coupled with
numerous electrochemical methods (Jiang et al. 2012). Besides that, a wide variety
of strategies are being used to improve the efficacy of sensing for various electro-
chemical applications (Zhang and Li 2012; Jiang et al. 2012). Signal amplification
can be achieved by utilizing NPs as carriers or tracers, catalysts, and electronic
conductors and produce a synergic effect among catalytic activity, conductivity, and
biocompatibility. New developments in nanotechnology and material science, as
well as in custom engineering of biorecognition components, have advanced the
progress of useful and reliable electrochemical sensors and biosensors. Materials and
biomaterials with rich nanostructures not only improve electronic properties and
increase the effective electrode surface for transferring electrochemical signals but
also produce detectable signals for indirect detection of targets. Thus, the resulting
methods possess high sensitivity and good specificity. An illustration of electro-
chemical sensors and biosensors based on nanomaterials and nanostructures is given
in Fig. 1.7.
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1.4 Nanomaterials as Effective Antimicrobial Agents

Antibacterial activity is related to compounds that locally kill bacteria or slow down
their growth, without being toxic to surrounding tissue in general. Use of
antibacterial agents is paramount to fight infectious diseases. Resistance is most
often based on evolutionary processes taking place during—for example—antibiotic
therapy, and leads to inheritable resistance. In addition, horizontal gene transfer by
conjugation, transduction, or transformation can be a possible way for resistance to
build up. Drug resistance leads to high-dose administration of antibiotics, often
generating intolerable toxicity. This has prompted the development of alternative
strategies to treat bacterial diseases. Among them, nanoscale materials have emerged
as novel antimicrobial agents (Hajipour et al. 2012). In particular, several classes of
antimicrobial nanoparticles and nanosized carriers for antibiotic delivery have
proved their effectiveness for treating infectious diseases, including antibiotic-
resistant ones, in vitro as well as in animal models (Campoccia et al. 2013; Herman
and Herman 2014).

Fig. 1.7 Electrochemical sensors and biosensors based on nanomaterials and nanostructures, in
which electrochemical sensors for small-molecular, enzyme-based biosensors, genosensors,
immunosensors, and cytosensors are demonstrated. GOx glucose oxidase, Pt NPs platinum
nanoparticles. (Adapted from Zhu et al. (2014), with permission. Copyright (2014) American
Chemical Society)
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Species sensitivity is not only related to the structure of the cell wall in Gram-
positive (+) and Gram-negative (�) bacteria. Several additional factors can influence
bacterial susceptibility to or tolerance of NPs (Dinesh et al. 2012). For example,
Escherichia coli (�) is highly susceptible to CuO NPs, whereas Staphylococcus
aureus (+) and Bacillus subtilis (+) are less susceptible. The antibacterial effect of
Ag NPs is greater than that of Cu NPs against E. coli (�) and S. aureus (+) bacteria.
S. aureus (+) and B. subtilis (+) are more susceptible to NiO and ZnO NPs than
E. coli (�) (Hajipour et al. 2012; Sirelkhatim et al. 2015).

One of the major shortcomings of antibacterial drugs is their failure to fight
bacteria (e.g., S. aureus (+)) that have the capability to produce biofilms. Exposure
to Ag NPs may prevent colonization of new bacteria on biofilm and decrease the
development and succession of the biofilm. MgF2 NPs have antimicrobial activity
and are able to prevent biofilm formation by common pathogens such as E. coli and
S. aureus (Lellouche et al. 2012). Furthermore, MgF2 NP–modified catheters are
able to restrict biofilm formation by these bacteria significantly. Moreover, glass
surfaces coated with ZnO NPs are able to produce reactive oxygen species (ROS)
that interfere with E. coli and S. aureus biofilm formation.

When compared with various types of NPs, gold and silver surface–coated
superparamagnetic iron oxide NPs (SPIONs) show the highest antibacterial activity
against biofilms (Franci et al. 2015; Martinez-Gutierrez et al. 2013). Figure 1.8
illustrates the mechanism of action of silver ring–coated and gold-coated SPIONs
against bacterial biofilms (Hajipour et al. 2012). The figure shows that monodisperse
SPIONs, silver ring–coated SPIONs, and silver ring–coated, gold-coated SPIONs
have strong toxic effects by penetration into the biofilms. Both the SPION core and
the intermediate gold shell have the capability to induce heat with application of
alternative magnetic and laser fields. The produced heat can be used as an additional
means to escalate bacterial death using these NPs. The magnified section in the
center of Fig. 1.8 illustrates the irreversible effects of NPs and their ions on the
various parts of the bacteria (e.g., the cell wall, DNA, and mitochondria). It is notable
that magnetic NPs have considerable capability to penetrate into biofilms with use of
external magnetic fields.

1.5 Summary

Every person on earth deserves a sustainable lifestyle that includes clean water,
unpolluted air, good food, and health care. Clean water is not only essential for
human health but also critical in a variety of key industries including the electronics,
pharmaceutical, and food industries. In the current scenario, our world is facing
alarming challenges in meeting rising demands for clean water, due to (i) extended
droughts, (ii) population growth, (iii) more stringent health-based regulations, and
(iv) competing demands from a variety of users. Developments in nanoscience and
nanotechnology offer potential alternatives to conventional water-purifying systems,
due to the versatile size-mediated properties and efficacy of nanoparticles. With
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scaling up of this technology for use on a wider scale, nanomaterials are highly
recommendable because of their higher antibacterial efficacy and greater efficiency
for water purification and even for sensing applications, in comparison with bulk

Fig. 1.8 Toxicological effects of multifunctional nanoparticles on bacterial biofilms (Hajipour
et al. 2012). The black spheres denote superparamagnetic iron oxide nanoparticles (SPIONs), the
gray shells denote silver ring–coated SPIONs, and the yellow shells denote gold-coated SPIONs.
ROS reactive oxygen species

16 D. Durgalakshmi et al.



particles. Because of the large surface area properties of nanomaterials, only very
small quantities are required to meet environmental needs and they can also be of
low cost.

This book provides a compilation of extensive discussions on emerging
nanomaterials for use in environmental applications and in wastewater treatment
by photocatalysis, nanomaterial coatings for use in antibacterial applications, and the
role of nanomaterials as chemosensors and biosensors.
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Abstract Developing an efficient wastewater treatment technique is one of the
major necessities of the twenty-first century, owing to the scarcity of water
resources. Besides, it is of paramount important to find appropriate methodologies
to economically treat wastewater. Recent advances in nanotechnology have attracted
the attention of many researchers for wastewater treatment. The major advantages of
such nanomaterial-based systems are that they can be reused and have been found to
be very effective. Though many research works have been reported in this regard,
there is very limited collective information. Hence, the major objective of this work
is to describe recent achievements in nanomaterial-based systems for wastewater
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treatment. This chapter critically reviews and lists the uses of nanomaterials in
wastewater treatment. This comprises the utilization of semiconducting
nanoparticles either alone or combined with ozonation, the Fenton process, or
sonolysis for effective degradation/removal of organic pollutants. Furthermore, the
effectiveness of nanotechnology in antimicrobial activity to produce pure water via
an eco-friendly route is discussed. Similarly, the role of nanomaterials in adsorption
techniques (specifically, carbon-based nanoadsorbents) to remove heavy metal con-
tamination from industrial wastewater is also discussed in detail.

Keywords Nanomaterials · Ozonation · Fenton process · Sonolysis · Antimicrobial ·
Adsorption · Wastewater treatment

2.1 Introduction

Water is one of the major ingredients for all living bodies in the universe and is
available in abundance (Grey et al. 2013). However, unfortunately only about 1% of
it is readily accessible for consumption by human beings (Adeleye et al. 2016).
According to an estimation from the World Health Organization (WHO) in 2015,
more than 1.1 billion people are struggling to obtain pure drinking water worldwide.
This is mainly the consequence of growing populations and growing industrializa-
tion (Adeleye et al. 2016). One of the major challenges is to purify the wastewater
from industrial processes by removing the organic and inorganic pollutants to obtain
water with permissible quality (Naushad et al. 2018; Schwarzenbach et al. 2006).
Most of the current technologies possess some limitations—namely, high-energy
prerequisites, incomplete removal of pollutants, and production of toxic sludge
during the wastewater purification process (Ferroudj et al. 2013; Qu et al. 2012).
Furthermore, these systems are expensive, which, in turn, increases the price of
potable water (Ferroudj et al. 2013).

The available biological techniques for the purification of wastewater suffer
from the drawback of being very slow processes, and sometimes they increase the
toxicity by releasing microorganisms into drinking water (Naushad et al. 2017;
Zelmanov and Semiat 2008). Moreover, the application of these biological sys-
tems is inefficient for wastewater that contains nonbiodegradable impurities
(Zelmanov and Semiat 2008). Similarly, it is difficult to achieve 100% purifica-
tion by physical filtration methods, and these methods generate toxic sludge,
which is extremely problematic for disposal (Catalkaya et al. 2003; Bali et al.
2003). Hence, development of an efficient technology is highly desired for the
complete removal of contaminants from wastewater (Parsons and Jefferson 2006).
This can also be achieved by either improving or modifying existing technologies
(Burkhard et al. 2000). In addition, it is worth trying combinations of two or more
techniques to increase the activity and overcome the drawbacks of individual
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systems (Ferroudj et al. 2013). In this regard, several technologies are emerging to
address the drawbacks of the present methodologies for wastewater treatment
(Gupta et al. 2015). On the other hand, nanotechnology has been shown to be a
potential tool for addressing several environmental issues, including wastewater
remediation (Zare et al. 2013; Sadegh et al. 2014).

Various publications have reported the utilization of nanomaterials for wastewa-
ter treatment (Kyzas and Matis 2015; Zhang et al. 2014). The role of nanomaterials
in treatment of industrial and municipal wastewater is vastly diversified, viz.,
nanoadsorbents (Tang et al. 2014; Shamsizadeh et al. 2014; Kyzas and Matis
2015; El Saliby et al. 2008), semiconducting nanocatalysts (Babu et al. 2015a;
Kumar et al. 2016), electrocatalysts (Dutta et al. 2014), antimicrobial materials
(Chaturvedi et al. 2012), and nanomembranes (Lau and Ismail 2009; Ouyang et al.
2013; Blanco et al. 2012; Petrinic et al. 2007; Hilal et al. 2004; Babursah et al. 2006;
Rashidi et al. 2015; El Saliby et al. 2008). Besides, combination of nanomaterials
with other existing technologies improves the performance of the systems. For
instance, semiconducting nanomaterials significantly increase the degradation abil-
ity of the Fenton process (Kurian et al. 2014; Ma et al. 2015), ozonolysis (Babu et al.
2016a), sonolysis (Babu et al. 2016b), and so on.

Several research works have been reported in which nanomaterials have been
applied for purification of wastewater (Leshuk and Gu 2014; Palit 2017; Savage and
Diallo 2005; Theron et al. 2008; Santhosh et al. 2016; Zhang et al. 2016;
Ghasemzadeh et al. 2016; Baruah et al. 2016). This chapter focuses on the use of
semiconducting nanomaterials for organic pollutant degradation and the utilization
of nanocatalysts in combination with some important existing technologies—
namely, sonolysis, ozonolysis, and the Fenton process. This chapter also highlights
the role of nanomaterials as nanoadsorbents and nanomembranes. Furthermore, the
influence of nanomaterials on antimicrobial activity is discussed in detail.

2.2 Nanomaterials for Wastewater Treatment

Nanotechnology is one of the interesting fields that deals with particles less than
100 nm in size (Amin et al. 2014). Because of their small size, their surface to
volume ratio is relatively high; in other words, these particles possess numerous
active sites, which, in turn, significantly improve their activity (Chaturvedi et al.
2012). Several types of nanomaterials such as nanotubes, quantum dots, nanowires,
nanocolloids, nanoparticles, and nanofilms have been reported in the literature for
various applications (Lubick and Betts 2008; Edelstein and Cammaratra 1998). In
terms of removal of organic and inorganic pollutants from water, nanomaterials play
a vital role owing to the unique functionalities of nanoparticles (Brumfiel 2003;
Theron et al. 2008; Gupta et al. 2015).
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2.2.1 Semiconducting Nanomaterials

The industrialized society discharges a wide variety of environmental contaminants
from residential, commercial, and industrial sources (Shannon et al. 2008;
Schwarzenbach et al. 2006). There are approximately 30,000 commercially available
chemicals, and not much is known regarding their occurrence and fate in the
environment (Munir et al. 2006). The greater challenge lies with the treatment of
newly emerging micropollutants (e.g., pharmaceuticals, antibiotics, and pathogens),
which are being detected more often as analytical methods improve. Advanced
oxidation processes (AOPs) such as UV/H2O2, ozonation, the photo-Fenton process
(Titus et al. 2004), γ-radiolysis, sonolysis, electrochemical oxidation (Park et al.
2008), and photocatalysis (Demeestere et al. 2007) have been widely and exten-
sively explored to mitigate a vast variety of pollutants present in various environ-
mental media. They are initiated primarily from the formation of reactive and short-
lived oxygen-containing radicals (e.g., •OH, HOO•, and O2

•�). Among them, the
hydroxyl radical (•OH) is the most reactive and powerful oxidant (E0 ¼ 2.7 V),
which reacts with most organic compounds at diffusion-limited rates. AOPs have
been considered as alternatives to conventional water treatment technologies (Liu
et al. 2009). However, they have yet to overcome the challenges of energy efficiency
and cost competitiveness (Jones et al. 2007).

Photocatalysis is a green technology, which offers numerous applications and a
best method for energy-related problems, as illustrated in Fig. 2.1 (Kuwahara and
Yamashita 2011). The word “photocatalysis” is of Greek origin and is composed of
two parts: the prefix “photo-” (photos, “light”) and the word “catalysis” (katalyo,
“break apart” or “decompose”). Although there is no consensus in the scientific
community as to a proper definition of photocatalysis, the term can be generally used
to describe a process in which light is used to active a substance—the
photocatalyst—which modifies the rate of a chemical reaction without being
involved in the chemical transformation (Herrmann 2005).

Fig. 2.1 Applications of photocatalysis. hv photon energy, NOx nitrogen oxide, VOC volatile
organic compound. (Reproduced from Kuwahara and Yamashita (2011), with permission)
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A light-absorbing substance is added to a reaction, which facilitates the reaction
while remaining unchanged at the end of the reaction. When light strikes a semi-
conductor, electrons within the particle become excited, creating a higher state of
energy within the electrons. Thus, the main difference between a conventional
thermal catalyst and a photocatalyst is that the former is activated by heat whereas
the latter is activated by photons of appropriate light energy. Recently, nanomaterials
have been widely used as photocatalysts in the presence of light (Table 2.1). The
photocatalytic activity of nanoparticles (NPs) represents a rich resource for chemical
processes, employed both in industry and in academia (Senanayake et al. 2013).

The use of CuO nanoparticles as a photocatalyst for the degradation of different
kinds of dye solutions has been reported (Kumar et al. 2017). The energy gap of the
CuO was altered by modifications of the experimental protocols, and a significant
variation from 2.2 to 2.7 eV was observed. The oxygen defects may have affected
the crystal lattice, which was reflected in the energy gap value. Moreover, the CuO
with the tailored energy gap exhibited enhanced photocatalytic efficiency toward the
degradation of organic dye solutions. The reaction kinetics, degradation mechanism,
and catalyst stability, as well as the roles of bandgap tailoring in the photoreaction,
were comprehensively studied. The prevention of electron–hole pair recombination
was strongly evidenced by photoluminescence studies. The species responsible for
the degradation was identified by trapping experiments. The crucial role of bandgap
tailoring in the improved photocatalytic activity was attributed to superior electron
transfer ability, enhanced light harvesting, and boosted catalytic active sites.

Photocatalytic degradation of methyl orange (MO) dye solution was performed
by Babu et al. using a reduced graphene oxide (rGO)–supported CuO–TiO2

nanocomposite (Babu et al. 2015b), as illustrated in Fig. 2.2. The authors provided
a detailed discussion of the role of rGO in the photocatalytic process. The energy gap
of the CuO–TiO2 nanocomposite was not altered/affected even after the rGO doping,
and this suggested that the role of the rGO was only that of a solid support.
Photoluminescence (PL) analysis of the CuO–TiO2 and loaded rGO clearly
suggested that the rGO not only acted as a solid support but also facilitated fast
transport of electrons and thereby hindered the rate of charge carrier recombination.
Moreover, the role of rGO was strongly evidenced by the photoelectrical response,
which could clearly explain the electron transfer performance. Hence, this provided
solid evidence that the rGO-loaded nanocomposite might exhibit greater
photocatalytic activity.

Use of diffused sunlight–assisted photocatalytic mineralization of methyl orange
dye solution in the presence of different photocatalysts (viz., CuO, TiO2, CuO–TiO2,
and rGO-loaded CuO–TiO2 nanocomposites) was evaluated. The results suggested
that the rGO-loaded CuO–TiO2 nanocomposites exhibited enhanced photocatalytic
efficiency in comparison with that of the other photocatalysts, since the character-
ization results were unique. Moreover, the photocatalytic reaction was also
performed under different conditions, viz., darkness, light alone, ultrasound, dif-
fused sunlight, and use of both ultrasound and diffused sunlight in the same reaction.
The results that were observed suggested that the combination of ultrasound and
diffused sunlight provided higher efficiency. The total organic carbon (TOC)
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analysis suggested that the complete mineralization of the methyl orange dye
solution in the presence of rGO-loaded CuO–TiO2 nanocomposites and the
photocatalyst possessed significant stability even after its third run.

2.2.2 Fenton Process

It is well known that the Fenton process and semiconductor nanophotocatalysts,
when used individually, have some drawbacks that limit their effectiveness in the
degradation of organic pollutants. Photocatalysis is a relatively slow process because

Table 2.1 List of photocatalysts reported for degradation of organic pollutants and heavy metal
reduction

Photocatalyst
Synthetic
method

Particle
size

Pollutant/heavy metal
reduction

Degradation
(%) Reference

CuO–TiO2/
rGO

Sonochemical
synthesis

13 nm Methyl orange 89 Babu
et al.
(2015b)

SnS2/rGO Precipitation
method

Methyl orange 92 Babu
et al.
(2015a)

α-Fe2O3 Precipitation
method

35 nm Rhodamine B and
methylene blue

96 Dutta
et al.
(2014)

γ-Fe2O3/
SiO2

Emulsion sol-
vent
evaporation

100 nm Methyl orange, methy-
lene blue, and
p-nitrophenol

95 Ferroudj
et al.
(2013)

Ti–SBA-15 Grafting
method

100 nm Eriochrome black T 89 Gobara
et al.
(2016)

MoS2/Fe3O4 Solution
processing
method

50 nm Rhodamine B 90 Han et al.
(2017)

TiO2–2-
naphthol
complex

Simple con-
densation
method

1 μM Cr(VI) reduction 100 Karthik
et al.
(2015)

Dye-sensi-
tized TiO2

Sonochemical
synthesis

– Reactive red 198 80 Kaur and
Singh
(2007)

Zn-doped
Fe3O4

One-pot
solvothermal
route

120 nm Rhodamine B and
cephalexin

97 Nguyen
et al.
(2017)

CuO/ZnO Precipitation
method

50 nm Congo red and
rhodamine B

90 Kumar
et al.
(2017)

rGO reduced graphene oxide, SBA mesoporous silica
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of its low oxidation rate, whereas the Fenton process is selective, resulting in only
partial oxidation of organic compounds. Partial oxidation leads to the formation of
carboxylic acids as end products that cannot be further oxidized; therefore, complete
mineralization is not achieved.

The degradation of an aqueous solution of glycerol via a photocatalytic Fenton
technique has been reported (Cheng et al. 2015). Ultraviolet–visible (UV–Vis)
diffuse reflectance spectroscopy results demonstrated that the CuFe2O4 might be
active in the visible region, since the energy gap was 1.58 eV. The CuFe2O4

possessed a Brunauer–Emmett–Teller (BET) specific surface area of 104 m2/g,
which was also further evidenced by a field emission scanning electron microscopy
(FE-SEM) micrograph showing a highly porous structure. The glycerol was
subjected to adsorption and direct photolysis; the results suggested that there was
no significant degradation (only 4% and 17%, respectively, in 4 h) in the absence of a
catalyst as well as light. This was because of the splitting of H2O2 into hydroxyl
(●OH) radicals. In addition, in the presence of the photocatalyst, the photo-Fenton
process occurred, and the degradation percentage was 40% at a catalyst loading of
5.0 g/L. Significantly, from the power law modeling, the order of the reaction with
respect to the glycerol (0.20) and H2O2 (0.80) was found to be fractional—a typical
representation of chemical kinetics expression. Moreover, via the Langmuir–Hin-
shelwood model, the adsorption constant for H2O2 (0.033 mM�1 min�1) was found
to be much lower than that for glycerol (1.010 mM�1 min�1). This indicated that the
H2O2 splitting into hydroxyl radicals occurred in the bulk phase, while the glycerol
substrate needed to chemisorb on the catalyst surface before being attacked by the

TiO2 CuO

D
eg

ra
da

tio
n

•OHH2O+

O 2

O 2

hv

D
eg

ra
de

d 
P

ro
du

ct
s

N
N

N

H
3C

H
3C

S
O

3N
a

hv

Diffused sunlight

•OH

•OH Adsorption
of MO

Ultra
sound

M
O

Fig. 2.2 Plausible mechanism for ultrasound-assisted photocatalytic degradation of methyl orange
(MO) under diffused sunlight. hv photon energy. (Reproduced from Babu et al. (2015b), with
permission)
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hydroxyl radicals. This demonstrated that the CuFe2O4 could generate additional
hydroxyl radicals to attack the glycerol molecule.

In the photo-Fenton reaction, it is possible that metal nanoparticles may be
leached and deposited in an aquatic environment. Hence, to prevent metal leaching
and deposition in an aquatic environment from a photo-Fenton system, Yue et al.
(2018) developed a carbon-based visible-light-active photo-electro-Fenton-like
(PEF) cell, as shown in Fig. 2.3. The PEF preferentially generated highly active
•OH radicals for environmental remediation. In this cell, the mesoporous carbon–
coated graphite felt (MesoC/GF) cathode effectively generated H2O2 by electro-
chemical reduction of oxygen. Graphitic carbon nitride (g-C3N4) could provide a
platform for metal-free visible-light photocatalytic activities, acting as an efficient
metal-free Fenton catalyst for H2O2 activation to produce •OH radicals under
visible-light irradiation. Optimization of the different operational parameters such
as the applied voltage, photocatalyst dosage, and pH condition was investigated for
mineralization of a phenol solution. This metal-free visible-light-active PEF cell
exhibited excellent mineralization efficiency toward stubborn phenol with high
stability, and its performance against phenol was much higher than that of a
g-C3N4-only photocatalysis cell and a MesoC/GF-only electrolysis cell. Moreover,
this PEF cell presented Fenton catalytic activities that were comparable to, or even
better than, those of the similar electro-Fenton cell using MesoC/GF and homoge-
neous Fe2+ ions.

Medicinal waste (viz., drugs and wastewater) is considered a threat to aquatic life,
and the photocatalytic Fenton process is an effective choice for mineralization of
such pollutants. Hence, Moussavi et al. (2018) reported the effect of Fe2+ on

Fig. 2.3 Photoelectrochemical Fenton process. CB conduction band, g-C3N4 graphitic carbon
nitride, MesoC/GF mesoporous carbon–coated graphite felt, VB valence band. (Reproduced from
Yue et al. (2018), with permission)

28 M. I. Fadlalla et al.



degradation of cloxacillin (CLX) in a vacuum ultraviolet (VUV) photoreactor, and
the effects of the reaction parameters were optimized for maximum efficiency. The
rate of CLX degradation in the VUV photoreactor was considerably improved by the
presence of a low concentration of Fe2+.

The photo-Fenton reaction accelerated by a water homolysis process and photo-
oxidation of water molecules by VUV photons, as well as the photo-Fenton reaction,
were the main mechanisms of CLX degradation in the VUV/Fe2+ process. The
optimized condition for maximum CLX degradation was a solution at an acidic
pH. Eighty percent of the CLX was mineralized within 60 min of irradiation, and
almost 99% of it was degraded at a hydraulic retention time of 5 min in the
continuous-flow VUV/Fe2+ process. The intermediates formed during the degrada-
tion were analyzed using a liquid chromatography–mass spectrometry (LC–MS)
technique, and it was noted that the C–N, C–S, and C–Cl bonds were completely
mineralized, and the smaller aliphatic compounds were the remaining organic
by-products of the CLX degradation. In addition, the VUV/Fe2+ process was more
energy effective than the VUV process. Accordingly, the VUV/Fe2+ process is a
technically efficient and energy-effective process for high-rate degradation and
mineralization of such emerging water contaminants as antibiotics.

The surface morphology and crystal structure of the synthesized
nanophotocatalyst usually play vital roles in enhancing the photocatalytic properties
and activity of catalysts. Sulfate-functionalized Fe2O3/TiO2 nanotubes utilized as
visible-light-active heterogeneous photo-Fenton catalysts were synthesized by a
solvothermal and acid impregnation method, as shown in Fig. 2.4 (Han et al.
2017). The authors reported that the temperature maintained in the hydrothermal
process in the synthetic process produced an obvious effect on the morphology and
structure of prepared samples with transformation from nanotubes to nanowires.
Substantial dispersion of Fe2O3 nanoparticles into the highly porous TiO2 nanotubes
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Fig. 2.4 Use of sulfate-functionalized Fe2O3/TiO2 nanotubes as visible-light-active heterogeneous
photo-Fenton catalysts. e– electron, h+ hole, NP nanoparticle, TNT 2,4,6-trinitrotoluene.
(Reproduced from Xu et al. (2015), with permission)
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was successfully achieved, which was beneficial to the transfer of photogenerated
electrons between the (101) planes in anatase TiO2 and (113) planes in α-Fe2O3.
With the sulfate group functionalized into the structure of the Fe2O3/TiO2 nanotubes,
the photocatalytic efficacy was significantly enhanced by the increases in light
absorption and surface acidity. The prepared sulfated Fe2O3/TiO2 nanotubes, with
strong synergistic effects, had remarkable catalytic activity in a wide pH range of
4.0–10.0 and exhibited excellent stability and reusability, presenting good potenti-
ality for application in environmental and energy fields.

Fe3O4 NPs have been considered a promising and efficient photo-Fenton agent for
various kinds of pollutants. Moreover, they have been coupled with diverse kinds of
nanoparticles and utilized as a photo-Fenton catalyst. The main objective of a study by
Xu et al. was to compare the effectiveness of a MoS2/Fe3O4 nanocomposite for
visible-light photocatalytic, Fenton-like catalytic, and photo-Fenton-like catalytic deg-
radation of a rhodamine B (RhB) dye solution. The authors reported that the magnetic
nanocomposite magnetite nanoparticles (Fe3O4 NPs) and molybdenum disulfide
microspheres (MoS2) were successfully synthesized by a hydrothermal route. The
effects of the Fe3O4 to MoS2 ratio and the reaction time on the shape and properties of
the magnetic nanocomposite were investigated in detail (Xu et al. 2015). The
photocatalytic activity results demonstrated that the Fe3O4 nanoparticles could bind
well to the MoS2 microspheres when the concentration of Fe3O4 NPs was about
10 mg/L and the reaction time was about 18 h. The visible-light photocatalytic,
Fenton-like catalytic, and photo-Fenton-like catalytic performances of the
as-prepared MoS2/Fe3O4 nanocomposite were comparatively evaluated by degrada-
tion of RhB. It was found that the MoS2/Fe3O4 nanocomposite exhibited excellent
photo-Fenton-like catalytic degradation performance. The ease of synthesis and sep-
aration, coupled with the excellent removal of organic dyes, make the MoS2/Fe3O4

nanocomposite an attractive catalyst for the purification of contaminated water.
Ferrite nanoparticles play a phenomenal role in the photocatalytic Fenton-type

reaction for the degradation of organic pollutants. A series of copper oxide (CuOx)–
decorated ZnFe2O4 samples were synthesized by a hydrothermal method and inves-
tigated as a catalyst for the photocatalytic and Fenton-like degradation of orange II
(Zhao et al. 2017). The active species and catalyst active sites in the two processes
were also studied. It was found that the introduction of CuOx significantly enhanced
the photocatalytic and Fenton-like performance of ZnFe2O4. More specifically,
ZnFe2O4–Cu3 synthesized with a Cu to Zn ratio of 3:7 exhibited very high
Fenton-like activity in the pH range of 5–9. The excellent photocatalytic efficacy
of ZnFe2O4–Cu3 may be due to formation of heterojunction between ZnFe2O4 and
Cu2O, which could possibly improve the charge separation efficiency of the
photogenerated charge carriers. Complete degradation of orange II dye was mainly
attributed to slower recombination of the photogenerated charge carriers. The main
active reactive oxygen species (ROS) in the Fenton-like reaction was O2

�
•, and the

surface �Cu2+ with higher redox ability should have been the active site for H2O2

activation despite its lower surface content than those of �Cu+, �Fe2+, and �Fe3+.
Finally, a possible pathway for orange II degradation was proposed according to the
LC–MS result.
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The Fenton catalysts H2O2 and Fe
2+ have been well known for a long time and are

employed for environmental remediation through a Fenton mechanism involving
ROS. The logistics of storage and transportation of H2O2 limits its applications.
Moreover, semiconductor photocatalysts have been utilized extensively for environ-
mental remediation involving ROS through irradiation of light. There is a need to
develop a single catalyst that combines both Fenton and photocatalytic mechanisms.
With this objective, we designed and synthesized a new catalyst, based on ZnO2/Fe

2+,
that is useful for environmental remediation. This single catalyst, which exhibits
simultaneous Fenton–photocatalytic reactions, produces H2O2 in situ from the
peroxide of ZnO2 (solid), thus avoiding storage and transportation issues. This new
catalyst works in the dark (a Fenton-like mechanism), under visible light (a photo-
Fenton mechanism), and under UV light (a photocatalytic mechanism). Further, its
performance is better than that of the known Fenton catalyst (Prasanna and
Vijayaraghavan 2017).

The possibilities of recyclability of the photo-Fenton catalyst have been consid-
ered for long-term use/runs against organic dyes and pollutants. Uniform and
magnetic recyclable mesocrystalline Zn–doped Fe3O4 hollow submicrospheres
(HSMSs) were successfully synthesized via a simple one-pot solvothermal route
and used as an efficient heterogeneous photo-Fenton catalyst (Nguyen et al. 2017).
The physical characterization demonstrated highly porous magnetite nanocrystal
building blocks assembled by oriented attachment with Zn-rich surfaces. Fe3O4

mesocrystals were assembled by oriented nanocrystals and a Zn-rich amorphous
shell grew on the surfaces. Then, the Zn gradually diffused into the Fe3O4 crystals to
form Zn-doped Fe3O4 due to the Kirkendall effect with an increase in the reaction
time. Meanwhile, the inner nanocrystals dissolved and the outer particles grew
larger, owing to the Ostwald ripening process, leading to formation of a hollow
structure with a porous shell. The Zn-doped Fe3O4 HSMSs exhibited high and stable
photo-Fenton activity for degradation of RhB and cephalexin under visible-light
irradiation in the presence of H2O2, which resulted from their hollow mesocrystal
structure and Zn doping. They could be easily separated and reused through appli-
cation of an external magnetic field. The results suggested that the as-obtained
magnetite hollow mesocrystals could be a promising catalyst in the photo-Fenton
process.

2.2.3 Ozonation

Photocatalysis and ozonation processes have remarkable potential in wastewater
treatment, though use of photocatalysis alone for wastewater treatment is considered
a slow process, and ozonation is highly selective. Therefore, combination of these
two processes might overcome these drawbacks.

Hence, a photocatalytic ozonation process was developed for complete mineral-
ization of organic pollutants with potential practical applicability. Metal ion (Ag, Cu,
and Fe)–doped titanium dioxide (TiO2) nanoparticles were employed for
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photocatalytic ozonation of phenol solutions and secondary municipal wastewater
under visible-light illumination (Mecha et al. 2016). An extensive product analysis
confirmed the complete degradation, and different concentrations of phenol in the
degradation were monitored using dissolved organic carbon (DOC), chemical oxy-
gen demand (COD), and UV absorbance (UV254), with the data modeled using
pseudo-first-order kinetics. Synergy index values between 1.03 and 4.31 were
obtained between ozonation and photocatalysis, resulting in faster degradation of
organic contaminants by use of UV–Vis and solar photocatalytic ozonation than by
photocatalysis and ozonation alone. The treated water satisfied South African water
treatment standards in terms of COD, phenol, and DOC levels. The use of solar
radiation makes the process environmentally benign and less costly, and therefore it
is of major significance.

Radwan et al. (2016) developed a fixed-bed flow-through ultraviolet A/light-
emitting diode (UVA-LED) photoreactor for comparison of the efficiency of ozone,
photocatalysis, and photocatalysis–ozone degradation and mineralization of two
pure pesticides—2,4-dichlorophenoxyacetic acid (2,4-D) and 2-methyl-4-
chlorophenoxyacetic acid (MCPA)—and a commercial one, Killex. For the degra-
dation of the parent compounds, ozone-based processes were more effective,
whereas for mineralization, photocatalytic processes were more effective.
Photocatalytic ozonation was very effective for the processes of both degradation
and mineralization of the parent compounds. The rates of photocatalytic ozonation
and mineralization were higher than the summation of the corresponding rates
achieved by ozonation alone and photocatalysis alone, indicating a symbiotic rela-
tionship. Overall, the photocatalytic ozonation process with fixed-bed TiO2 reduces
the time needed for the degradation and mineralization of the pesticides, reduces the
costs of powder catalyst separation, and overcomes the reduced efficiency of
immobilized catalysts, making the process quite attractive for practical applications.

The efficiencies of AOPs—viz., electron beam radiolysis in the presence of
K2S2O8, gamma radiolysis in the presence of K2S2O8, photocatalysis, photocatalysis
in the presence of K2S2O8, ozonolysis, and ozonolysis in the presence of K2S2O8—

were systematically investigated for the treatment of modified (pH adjusted with
H2SO4) simulated textile dye wastewater (MSTDWW) containing reactive red 120.
The efficiencies of these AOPs were investigated in terms of their oxygen-equivalent
chemical oxidation capacity, and the costs of energy and other ancillary inputs. The
smallest amount of oxidant was required by electron beam radiolysis, in comparison
with the other AOPs studied here, to achieve the same extent of mineralization of
MSTDWW. To the best of our knowledge, this study was the first to report an
approach to calculate the equivalent cost of gamma radiolysis in comparison with
other AOPs consuming electrical energy. Among these AOPs, electron beam treat-
ment of MSTDWW in the presence of K2S2O8 had the lowest effective cost.

The main objective of this work was extensive investigation of N,N-diethyl-meta-
toluamide (DEET) degradation by a photocatalytic ozonation process, using WO3 in
suspension and visible-light radiation (wavelength �390 nm), as illustrated in
Fig. 2.5 (Mena et al. 2017). This combined process has been shown to be an efficient
treatment for the complete mineralization of organic contaminants; HO• radicals
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were the active main species involved. Moreover, it was observed that different
oxidation products were identified by LC–MS and ion chromatography analyses,
and the evolution of their relative abundances with the reaction time was established.
The efficiency of photocatalytic ozonation treatment was demonstrated not only by
the DEET depletion rate but also by the evolution of the main intermediate species
and mineralization.

It was well known that intermediates may be formed during the photo-Fenton
reaction, but all of the large intermediates that initially formed were completely
removed within a 60 min reaction time. Only short-chain organic acids with much
lower toxicity remained in the solution at concentrations in agreement with the
mineralization degree achieved (up to 60% in 2 h). A reaction mechanism of
photocatalytic ozonation of DEET involving different chemical reaction steps, with
the final formation of short-chain organic acids and mineralization to CO2, was
proposed. A lumped kinetic model based on TOC and a hydroxyl radical reaction
was developed to simulate the evolution of DEET, the intermediates, and the short-
chain organic acids in terms of TOC to provide a simplified approach for this process.

2.2.4 Sonolysis

The textile industry is currently manufacturing around 30 million tons of products
annually. This production is accompanied by 700,000 tons of different dyes. The use
of dyes has generated environmental challenges downstream, and the current

Fig. 2.5 Photocatalytic ozonation. DEET N,N-diethyl-meta-toluamide, exp experimental, sim
simulated, TOC1 total organic carbon. (Reproduced from Mena et al. (2017), with permission)
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methods used in water treatment (e.g., biological treatment) are inefficient for dye
degradation. Therefore, different approaches are being implemented, such as AOPs
for the treatment of toxins and bioresistant organic pollutants (Legrini et al. 1993;
Mills et al. 1993).

Verma et al. studied the degradation of alizarin (a model reactive dye), using
photocatalytic and photochemical oxidation processes (Verma et al. 2014). The
effect of sonochemical processing on the dye degradation was also investigated.
The authors highlighted the effects of pH, TiO2 loading, and oxidant dose, where the
trends agreed with those reported in the literature (Hachem et al. 2001). The
degradation levels were 88% and 94% with the photocatalyst and sonophotocatalyst
treatments, respectively, under optimum testing conditions. This was accompanied
by a decrease in the COD. This study highlighted the synergic effect of
sonophotocatalysts for the degradation of dyes (Fig. 2.6). This approach could be
used in conjunction with biological treatment of organic pollutants in water.

Kaur and Singh investigated the degradation of reactive red 198 dye by
dye-sensitized TiO2 (Kaur and Singh 2007). The rate of dye degradation varied as
a function of the photocatalysis, sonocatalysis, and sonolysis under visible light. The
authors also investigated the effects of different reaction conditions (i.e., the pH,
concentration of substrate, and catalyst loading). Ultrasonic activation is responsible
for splitting of H2O2 produced by photocatalysis and sonolysis, resulting in the
production of high-oxidation species such as superoxide (O2

�) and singlet oxygen
(1O2). The synergic effect of sonophotocatalysis could be attributed to the ultrasound
breaking the catalyst particles, in which the surface area increases, leading to an
increase in the number of reactive radicals. The increase in radical species thus
increases the degradation rate over dye-sensitized TiO2 (Lu et al. 2002; Shirgaonkar
and Pandit 1998).

Fig. 2.6 Sonophotocatalytic and photocatalytic kinetics in the degradation of alizarin. (Reproduced
from Verma et al. (2014), with permission)
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Babu et al. studied the degradation and mineralization of methyl orange over
CuO–TiO2 supported on an rGO photocatalyst (Babu et al. 2015b). The study
showed synergy in the combination of sonochemical and photocatalyst treatment,
with a tenfold increase in degradation under sunlight, as shown in Fig. 2.7. The
inclusion of rGO doubled the activity of CuO–TiO2; this was attributed to the ability
of rGO to facilitate transfer, storage, and shuttling of electrons, leading to separation
of electron–hole pairs. This was confirmed by photoluminescence. Furthermore, the
authors highlighted the degradation of methyl orange mediated by hydroxyl radicals,
as confirmed by LC–MS. Moreover, similar degradation results were obtained with
methyl blue and 4-chlorophenol; these results suggested versatility of the system.

The enhanced activity of sonophotocatalysis versus sonocatalysis was also
highlighted by Gobara et al., who studied the degradation of erichrome black T
dye with a titanium-modified mesoporous silica (Ti–SBA-15) catalyst (Fig. 2.8)
(Gobara et al. 2016). The results obtained showed 88.7% degradation of
erichrome black T dye after 70 min. Furthermore, the kinetic studies showed
that the process had a pseudo-first-order reaction mechanism with a 27.4 � 10�3

rate constant. An increase in the concentration of TiO2 in the catalyst also led to
improved activity of the catalyst in sonocatalysis and sonophotocatalysis. This
was further confirmed by the low activity of a pure SBA-15 catalyst in the
degradation of erichrome black T dye.

Mosleh et al. used a novel photocatalyst (Ag3PO4/Bi2S3–HKUST-1–MOF) for the
sonophotocatalytic degradation of two dyes: trypan blue (TB) and vesuvine (VS). The
study investigated the reaction parameters (i.e., the dye concentration, irradiation time
and sonication, flow rate, photocatalyst dosage, and pH) (Mosleh et al. 2016). These
parameters were optimized using central composite design (CCD) along with
desirability function (DF). Under optimum conditions the sonophotocatalyst
degradation rates were 98.44% for TB and 99.36% for VS. Moreover, a kinetic
model of the system clearly showed the synergic effect of sonophotocatalysis in
comparison with sonocatalysis and photocatalysis (Fig. 2.9).

Fig. 2.7 Degradation of
methyl orange by different
processes, showing the
synergic effect of the
combination of
sonophotocatalysis.
(Reproduced from Babu
et al. (2015b), with
permission)
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2.2.5 Sono-Fenton Systems

Barrera-Salgado et al. used Fe2O3/Al2O3 as a catalyst for the degradation of acid green
50 (AG50) textile dye (Barrera-Salgado et al. 2016). The study focused on using
coupled Fenton processes such as Fenton, photo-Fenton, sono-Fenton, and sono-
photo-Fenton processes, in addition, to optimize the reaction conditions (e.g., the
iron content, annealing temperature, pH, and initial AG50 concentration). The degra-
dation of organic pollutants by the Fenton process involves formation of hydroxyl
radicals by activation of H2O2 (as shown in Eqs. 2.1, 2.2, 2.3, 2.4, 2.5 and 2.6), and the
coupling of the Fenton process with photo- and sono- processes results in increases in
radical species (as shown by Eqs. 2.7 and 2.8). The results of the study (Fig. 2.10)
showed the synergic effect of the coupled photo-sono-Fenton process for TOC
removal. The most influential reaction parameter was the reaction pH.

Fe2þ þ H2O2 ! Fe3þ þ OH� þ OH • ð2:1Þ
Fe2þ þ OH • ! Fe3þ þ OH� ð2:2Þ
OH • þ H2O2 ! H2Oþ OOH • ð2:3Þ

Fe3þ þ H2O2 ! Fe2þ þ Hþ þ OOH • ð2:4Þ
Fe3þ þ R • ! Fe2þ þ Rþ ð2:5Þ

Fe3þ þ OOH • ! Fe2þ þ Hþ þ O2 ð2:6Þ

FeIII OHð Þ2þ !hv Fe2þ þ OH • ð2:7Þ
H2Oþ ��� ! OH • þ H • ð2:8Þ

Chitra et al. studied the degradation of ethylenediaminetetraacetic acid (EDTA),
using sono-, photo- and sono-photo-Fenton processes (Chitra et al. 2013). The
degradation of EDTA is key in liquid waste treatment for several reasons such as

Fig. 2.8 Effect of Ti loading on mesoporous silica (SBA-15) on dye removal in an aqueous solution
by sonocatalysis (a) and sonophotocatalysis (b). (Reproduced from Gobara et al. (2016), with
permission)
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EDTA complexation with cations that negatively affect their removal, and leach-
ability of the cations from immobilized waste. The results obtained (Fig. 2.11)
showed the synergic effect of the combination of sono- and photo-Fenton pro-
cesses in the degradation of EDTA. The photo-Fenton process increases the

Fig. 2.9 Effects of sonocatalysis, photocatalysis, and sonophotocatalysis processes on the rate
constant (in the Langmuir–Hinshelwood kinetics model) in optimum conditions. (Reproduced from
Mosleh et al. (2016), with permission)
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numbers of hydroxyl radicals formed and the development of a recycle mechanism
in which Fe3+ is photoreduced to Fe2+, which, in turn, reacts with H2O2 to form the
hydroxyl radicals. Furthermore, UV liquid forms hydroxyl radicals by direct
photolysis of Fe(OH)2+. In the case of the sono-Fenton process, radicals (e.g.,

Fig. 2.10 Effects of different catalytic processes for removal of total organic carbon (TOC).
F Fenton, Us ultrasound, UV ultraviolet. (Reproduced from Barrera-Salgado et al. (2016), with
permission)

Fig. 2.11 Ethylenediaminetetraacetic acid (EDTA) degradation via different catalytic processes as
a function of time. US ultrasound, UV ultraviolet. (Reproduced from Chitra et al. (2013), with
permission)
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H•, •OH, and HOO•) are formed by the sonolysis of water, and these radicals are
utilized in the degradation of organic pollutants (Adewuyi 2001). Therefore, the
combination of photo- and sono-Fenton processes results in an increase in the
number of active radicals and results in a higher level of EDTA degradation,
leading to the synergic effect of combined sono- and photo-Fenton processes.

Segura et al. investigated the degradation of a phenolic aqueous solution over a
H2O2/Fe2O3–SBA-15 catalyst, utilizing separate and combined sono- and/or photo-
Fenton processes (Segura et al. 2009). The results (Fig. 2.12) showed that the phenol
degradation and TOC conversion obtained during the sono-photo-Fenton process
were superior to those achieved by the separate sono-Fenton and photo-Fenton
processes. The surface area of the particles was increased by the ultrasound cavita-
tion effect. Such an increase in the particle surface area results in an increase in the
number of active sites for the production of radicals during the photo-Fenton process
(Li Puma et al. 2007; Nikolopoulos et al. 2006). Therefore, sequential use of sono-
and photo-Fenton processes led to a synergic effect with improved phenol degrada-
tion and TOC conversion. These results were in agreement with those described by
Babuponnusami and Muthulukumar (Babuponnusami and Muthukumar 2011) for
the degradation of phenol by sono-, photo-, and sono-photo-Fenton processes. The
latter study showed the synergic effect of the sono-photo-Fenton process in different
reaction conditions that were reported to affect the catalyst activity, such as the H2O2

concentration (Guo et al. 2005), Fe2+ concentration (Guo et al. 2005), pH (Ranjit
et al. 2008), and phenol concentration (Wang et al. 1999). The synergic effect led to
a reduction in the Fe2+ and H2O2 concentrations by 30–50% and 12.5%, respec-
tively. Furthermore, a satisfactory correlation between the experimental data and the
data predicted by the kinetics model was shown.

The synergic effect of the photo-sono-Fenton process for organic pollutant
removal was further highlighted by a study carried out by Dukkanci (Dukkanci
2016). The study used a perovskite LaFeO3 catalyst for photo-sono-Fenton degra-
dation of bisphenol A (BPA), since the presence of Fe3+ results in production of

Fig. 2.12 Effects of different reaction parameters on phenol degradation by different catalytic
processes. TOC total organic carbon. (Reproduced from Segura et al. (2009), with permission)
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radicals; therefore, the catalyst acts as a Fenton-like catalyst (Ünnü et al. 2016). The
effect of the calcination temperature on the catalyst activity is shown in Fig. 2.13.
Calcination at 500 �C provided the highest activity, which was explained by changes
in the particle size and surface area. An increase in the calcination temperature led to
an increase in particle size, which led to a decrease in surface area. This, in turn,
decreased BPA degradation and the COD because of the decrease in the numbers of
accessible catalyst particles resulting from the decrease in surface area and the
increase in particle size.

2.2.6 Antimicrobial Activity

The importance of effective and environmentally friendly disinfection methods or
processes is immense because of the large number of deaths associated with, or
resulting from, infected water and other sources (Ganguly et al. 2018; Shannon et al.
2008). Therefore, research has been focused on development and optimization of
effective and eco-friendly disinfection processes. Photocatalytic disinfection is one
of the most promising processes because of the greenness of this process (Jiang et al.
2017; Ravelli et al. 2009). Ganguly et al. (2018) reviewed key aspects of
photocatalysis as a disinfectant, such as its fundamentals, mechanisms, kinetics,
and advances. The different mechanisms of inactivation of microorganisms by the
photocatalyst include generation of ROS, which leads to degradation of enzymes
(e.g., coenzyme A) (Matsunaga et al. 1985); destruction of cell membranes or walls,
which leads to leakage of key components (e.g., K+ ions) (Saito et al. 1992); and
destruction of the phospholipid component in the cell wall by ROS interaction. Also
highlighted are the different kinetic models (e.g., the Chick–Watson, Chick’s, and
delayed Chick–Watson models) available for this process and how different reaction
parameters (Fig. 2.14) influence the kinetics and the activity of antimicrobial activity
by photocatalysis.

Fig. 2.13 Effects of LaFeO3 calcination temperature on bisphenol A (BPA) degradation time (a)
and chemical oxygen demand (COD) (b). (Reproduced from Dukkanci (2016), with permission)
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Dhanasekar et al. investigated the antimicrobial activity of copper-doped TiO2

nanoparticles/rGO (Dhanasekar et al. 2018). The study used two Gram-positive
bacteria (Staphylococcus aureus and Streptococcus oralis) and two Gram-negative
bacteria (Escherichia coli and Pseudomonas aeruginosa). The introduction of cop-
per improved the activity in visible light and antimicrobial activity, and the inclusion
of rGO enhanced the charge transfer during microbial degradation through
photocatalysis, in comparison with TiO2 alone. These results were determined by
minimum inhibitory concentration and zone of inhibition analyses (Fig. 2.15).
Furthermore, the introduction of Cu2O–TiO2 into polyvinyl alcohol (PVA) polymer
showed superior antimicrobial activity (Figs. 2.16 and 2.17) in comparison with
TiO2 alone; this makes the material a suitable candidate for packaging material to
replace the less effective TiO2.

Ananpattarachai et al. investigated inactivation of E. coli and S. aureus by a
photocatalytic process using undoped, Ni-doped, and N-doped TiO2 as
photocatalysts (Ananpattarachai et al. 2016). The study showed the superior
antibacterial activity of N-doped TiO2, which stemmed from N-doping
(in comparison with Ni-doping) decreasing the energy gap, leading to more absorp-
tion of visible light, which, in turn, produced more radical OH groups and ROS. This
system was shown to be more effective against Gram-positive bacteria (S. aureus)
than against Gram-negative bacteria (E. coli). This conclusion was drawn from
analysis of the time required for complete inactivation of S. aureus and E. coli
(360 and 420 min, respectively, in the presence of visible light). Moreover, the
inactivation rates also followed a similar trend. These results highlighted the
importance of visible light and materials capable of visible-light absorption in
bacterial degradation.

Fig. 2.14 Process parameters influencing the mechanism of antimicrobial activity. (Reproduced
from Ganguly et al. (2018), with permission)
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Joost et al. used a nano-TiO2 film for inactivation of E. coli. Their study used two
techniques to investigate the efficiency of the photocatalytic nano-TiO2 film: viable
bacterial cells and crucial fatty acids in the bacteria plasma membrane. The nano-
TiO2 film and a UVA light source resulted in total inactivation of E. coli within
20 min (Fig. 2.17) (Joost et al. 2015). SEM images showed changes in the bacterial
structure/morphology and the appearance of a halo surrounding the bacterial cell,
which could have been due to leakage of organic material or ions (e.g., K+) from the
bacteria cell (Foster et al. 2011; Leung et al. 2008; Sunada et al. 2003). In addition,
the study showed a clear correlation between the crucial fatty acid decomposition
and bacterial inactivation, which could be key for morphological changes and crucial
component leakage from the bacterial cell (E. coli). These two factors could lead to
cell death, and this is supported by the fact that fatty acid decomposition starts after
10 min of UVA exposure.

Khan et al. reported a novel and environmentally friendly synthesis method for
silver nanoparticles (Ag NPs) in which a reductant and nanoparticle stabilizer was
extracted from Caruluma edulis (Khan et al. 2016). The antibacterial study of the

Fig. 2.15 Zones of inhibition with use of a Cu2O–TiO2/rGO nanocomposite (a) and (b) versus
TiO2 nanoparticles alone (c) and (d) against Staphylococcus aureus (a, c) and Pseudomonas
aeruginosa (b, d). rGO reduced graphene oxide. (Reproduced from Dhanasekar et al. (2018),
with permission)
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Ag NPs was carried out using zone of inhibition and minimum inhibitory concen-
tration analyses of inactivation of S. aureus, Bacillus subtilis, and E. coli. The zone
of inhibition study (Table 2.2) showed that Ag NPs have a larger zone of inhibition
than the standard antibacterial agent cefalexin. This superior antibacterial activity
could be due to the positively charged silver nanoparticles reacting with the

Fig. 2.16 Inhibitory activity of PVA–TiO2 and PVA–Cu2O–TiO2/rGO nanocomposites against
Staphylococcus aureus, Escherichia coli, Streptococcus oralis, and Pseudomonas aeruginosa. PVA
polyvinyl alcohol, rGO reduced graphene oxide. (Reproduced from Dhanasekar et al. (2018), with
permission)

Fig. 2.17 Effect of nano-TiO2 on bacteria as a function of time. UV ultraviolet. (Reproduced from
Joost et al. (2015), with permission)
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negatively charged biomacromolecular bacteria cell component (e.g., phosphate in
enzymes) and with the bacteria’s nucleic acid. These interactions would lead to
structural changes in the bacterial membrane and cell wall, resulting in the death of
the bacterial cell (Nirmala et al. 2011). The minimum inhibition concentration study
(Table 2.3) showed the lethality of silver nanoparticles for the different bacterial
types. This lethality was attributable to silver particles interfering with the electron
transport chain, DNA replication, and expression of ribosomal and other proteins
(Gao et al. 2002; Saikia et al. 2010; Yamanaka et al. 2005).

2.2.7 Nanoadsorbents

Heavy metals pose risks for human beings and animals even at low levels of
exposure. Most heavy metals are highly soluble in water and can spread into the
ecosystem without difficulty. They bind with essential cellular components such as
proteins, enzymes, and nucleic acids, and restrict the functioning of living organisms
and the human body (Khan et al. 2010). Therefore, heavy metals must be removed
completely, but this is a challenging task for researchers and scientists (Awual et al.
2015). Important sources of heavy metals are the mining industry, metal plating
industry, sewage irrigation, electronics industry, and production of fertilizers, pes-
ticides, and a variety of plastics (Ahmad et al. 2015). With increases in industrial-
ization, the amounts of heavy metals in ecosystems also increase.

Recently, a number of methods have been used for efficient removal of heavy
metals from ecosystems, such as chemical precipitation, ion exchange, coagulation,
reverse osmosis, electrochemical processes, solvent extraction, and adsorption
(Fu and Wang 2011). Among these methods, adsorption offers reversibility, low

Table 2.2 Zone of inhibition effects of silver nanoparticles on different microorganisms

Microorganism

Zone of inhibition (mm)

Silver nanoparticles (� SD) Standard (� SD)

Staphylococcus aureus 17 � 0.3 10 � 0.5

Bacillus subtilis 19 � 0.4 11 � 0.6

Escherichia coli 16 � 0.2 9 � 0.3

Reproduced from Khan et al. (2016), with permission
Standard ¼ cefalexin; 35 �C; 20–24 h; 50 μL of 8 mg/mL
SD standard deviation

Table 2.3 Minimum
inhibitory concentrations
(MICs) of silver nanoparticles
for different microorganisms

Bacterial strain MIC (μg)
Staphylococcus aureus 125

Bacillus subtilis 125

Escherichia coli 250

Reproduced from Khan et al. (2016), with permission
35 �C; 20–24 h

44 M. I. Fadlalla et al.



costs, ease of operation, and high efficiency. Therefore, the adsorption process is an
important technique for the removal of heavy metals from ecosystems.

For this purpose, various adsorbents are available, such as nanosized metal oxides
(NMOs), including nanosized ferric oxides, manganese oxides, aluminum oxides,
titanium oxides, magnesium oxides, and cerium oxides. Uses of carbon nanotubes
(CNTs) (Ihsanullah et al. 2016), chitosan (Ahmad et al. 2016), modified iron oxide
(Sigdel et al. 2016), graphene oxide (GO) (Tadjarodi et al. 2016), complexing
membranes (Guan et al. 2016), and other novel adsorbents have been reported for
heavy metal removal. Sigdel et al. observed that As(III) and As(V) can be effectively
removed by hydrous iron oxide–impregnated alginate beads (Sigdel et al. 2016).
Thanawatpoontawee et al. reported that 90% of As(V) can be removed by iron-
loaded zein beads (Thanawatpoontawee et al. 2016). However, although the devel-
oped adsorbents have high efficiency for removal of heavy metals, it can be reduced
by the presence of competing ions. Because of their surface area, structure, and
mechanical properties, graphene-based materials are excellent adsorbents for heavy
metal removal (Chowdhury and Balasubramanian 2014; Cortés-Arriagada et al.
2016). Rao et al. (2009) observed that the synthesis of graphene-based adsorbents
presents a significant challenge but also represents considerable progress for removal
of heavy metals.

However, in many applications, surface modification is necessary, as pristine
graphene may be ineffective in some specific applications such as adsorption of
heavy metal ions (Cao and Li 2014). Consequently, graphene has been modified
using various means such as oxides/hydroxides (Ren et al. 2013), chitosan-
functionalized GO (Kumar and Jiang 2016), zinc peroxide–functionalized graphite
(Uppal et al. 2016), and aluminum and iron–doped graphene (Cortés-Arriagada and
Toro-Labbé 2016). In any application, consideration must be given to the available
functional groups in the graphene that hold the active sites. Peng et al. (2017)
reviewed graphene-based composites and highlighted the adsorption mechanisms
and the operational parameters. So, use of graphene-based composites for removal of
heavy metals or any other application is based on the available functional group in
the graphene that hold the active sites (Fig. 2.18).

2.2.8 Inorganic Pollutant Removal

The photocatalytic reduction of heavy metals using nanophotocatalysts is of para-
mount important for reduction of heavy metal contamination in aquatic environ-
ments. Karthik et al. (2015) formularized a new kind of catalyst, 2-naphthol–
functionalized TiO2 nanoparticles, for photocatalytic reduction of Cr(IV) in an
aquatic environment. The 2-naphthol–functionalized TiO2 nanoparticles exhibited
superior photocatalytic reduction efficiency in comparison with that of bare TiO2.
The enhancement of the photocatalytic efficacy might have been due to the extension
of optical absorption caused by functionalization of 2-naphthol, resulting in a 400- to
500-nm peak on UV–Vis spectroscopy.
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Moreover, the highly porous nature of the 2-naphthol–functionalized TiO2

nanoparticles could induce the adsorption of the substrate and improve the activity
on BET analysis. In addition, the photogenerated electron transfer from 2-naphthol
to TiO2 (ligand-to-metal transfer) could significantly improve the photocatalytic
performance in comparison with the bare TiO2 counterpart. The photocatalytic
reduction of Cr(IV) to Cr(III) using 2-naphthol–functionalized TiO2 nanoparticles
was strongly evidenced by atomic absorption spectroscopy (AAS); the initial and
final solutions were tested using AAS to estimate the Cr concentrations, which were
found to be 19.72 and 18.68 parts per million (ppm), respectively.

The use of sulfur (S)–decorated MoO3 (S@MoO3) nanorods for photocatalytic
reduction of Cr(IV) to Cr(III) was described by Prabavathi et al. (2018), as
represented in Fig. 2.19. Transmission electron microscopy (TEM) images of the
S@MoO3 nanorods clearly indicated that the S particles were deposited on the
surface of the MoO3 nanorods. Moreover, morphology is the one of the important
parameters for the improvement of photocatalytic activity. Among various percent-
ages of S-loaded MoO3 nanorods, 1% S@MoO3 nanorods exhibited excellent
efficiency of visible-light photocatalytic activity in comparison with pure
MoO3, S, and other S@MoO3 nanocomposites.

The enhanced effect of the photocatalytic reduction efficacy might have been due
to the surface morphology and slow electron–hole recombination. Moreover, com-
plete photocatalytic reduction was observed within 60 min of irradiation. The
influence of the different inorganic salts/ions was investigated. The actively partic-
ipating ROS were identified using a trapping experiment, which suggested that the
superoxide radical anion was actively participating in the photocatalytic reduction
reaction.

Photocatalytic reduction is not focused only on heavy metals; transition metals
are also considered toxic in aquatic environments. Hence, an attempt has been made
to treat polluted water containing a combination of inorganic contaminants by taking
advantage of solar photocatalytic redox reactions (Singh and Chaudhary 2013). The

Fig. 2.18 Diethylenetriaminepentaacetic acid–modified magnetic graphene oxide. (Reproduced
from Li et al. (2017), with permission)
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wastewater released from industries may contain substantial heavy metals, providing
an opportunity to achieve simultaneous reduction of both of these wastewater
components. Photocatalytic reduction reactions have also been attempted at different
pH values to optimize the best reaction conditions. The toxic metals in the waste
water were Cr, Ni, Zn, and Cu.

Dark adsorption reactions were performed by Singh and Chaudhary (2013), along
with sunlight irradiation, to understand the process in detail. The results showed
relatively good reductions of chromium and copper in comparison with the other two
metals. Chromium was reduced slowly in the acidic pH range, while the other metals
were reduced in the alkaline and neutral pH ranges. The results provided a cost-
effective method for the removal of organic and inorganic pollutants simultaneously
from polluted industrial wastewater through a photocatalytic reduction process.

Indirect photocatalytic reduction of arsenate to arsenite in an aqueous solution in
the presence of TiO2 as a photocatalyst under light illumination was investigated
(Samad et al. 2018). Moreover, various hole scavengers (viz., methanol, ethanol,
2-propanol, formaldehyde, acetone, formic acid, and acetic acid) were utilized for
detection of active participation of reactive oxidative species, as shown in Fig. 2.20.

Though direct photocatalytic reduction of arsenate to arsenite in the presence of
TiO2 was impossible, indirect reduction of As(V) was possible in the presence of
sacrificial electron donors to form strongly reductive radicals. The addition of
ethanol was very effective for indirect photocatalytic reduction of As(V) in an
aqueous solution with a TiO2 photocatalyst. The indirect photocatalytic reduction

Fig. 2.19 Photocatalytic reduction of Cr(VI) to Cr(III) in the presence of sulfur-decorated MoO3

(S@MoO3) nanorods under visible-light irradiation. CB conduction band. (Reproduced from
Prabavathi et al. (2018), with permission)
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rate of As(V) may have been related to both the reaction rate constants of the
hydroxyl radicals with the hole scavenger and the reactivities for the M� radicals
produced by the reaction of �OH with the hole scavenger.

The possibility of simultaneous recovery of heavy metals from wastewater and
production of electricity was demonstrated by a novel photoelectrochemical cell
(PEC) (Fig. 2.21). A photo anode of the cell was constructed that bore a
nanoparticulate titania (TiO2) film capped with a block copolymer [poly(ethylene
glycol)-b-poly(propylene glycol)-b-poly(ethylene glycol)] hole scavenger, which
consumed photogenerated holes, while the photogenerated electrons were trans-
ferred to a copper cathode, reducing the dissolved metal ions and producing elec-
tricity (Wang et al. 2017). Dissolved silver (Ag+), copper (Cu2+), hexavalent
chromium (as dichromate Cr2O7

2�), and lead (Pb2+) ions in a mixture (0.2 mM
each) were removed at different rates, according to their reduction potentials.

Reduced Ag+, Cu2+, and Pb2+ ions produced metal deposits on the cathode electrode,
which were mechanically recovered, while Cr2O7

2�was reduced to the less toxic Cr3+ in
solution. The cell produced a current density (Jsc) of 0.23 mA/cm2, an open circuit
voltage (Voc) of 0.63 V, and amaximum power density of 0.084mW/cm2. A satisfactory
performance of this PEC for the treatment of lead-acid battery wastewater was observed.
The cathodic reduction of heavy metals was limited by the rate of electron–hole
generation at the photoanode. The PEC performance decreased by 30% after nine
consecutive runs, caused by progressive degradation of the photoanode.

2.2.9 Nanomembranes

It is well known that membrane fouling is one of the most severe problems
restricting membrane-based separation technology for the treatment of wastewater.
A photocatalytic nanofiltration membrane (NFM) with a self-cleaning property,

Fig. 2.20 Photocatalytic reduction of As(V) to As(IV) to As(III). CB conduction band, NHE
normal hydrogen electrode, VB valence band. (Reproduced from Samad et al. (2018), with
permission)
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fabricated using a facile biomimetic mineralization process, was described by Lv
et al. (2017). In this strategy, fabrication of the ultrafiltration membrane was
achieved using a polydopamine (PDA)/polyethyleneimine (PEI) intermediate layer
by a codeposition method followed by mineralization of a photocatalytic layer
consisting of β-FeOOH nanorods. The PDA–PEI layer acted as a nanofiltration-
selective layer, as well as an intermediate layer for anchoring the β-FeOOH nanorods
via strong coordination complexes between Fe3+ and catechol groups. In the pres-
ence of visible light, the β-FeOOH layer exhibited efficient photocatalytic activity
for degrading dye solution through the photo-Fenton reaction in the presence of
hydrogen peroxide, resulting in effective nanofiltration performance and self-
cleaning capability. Moreover, the stability under simultaneous filtration and
photocatalysis processing was satisfactory, showing immense potential for advanced
wastewater treatment.

It is important for both the activity and the stability of the photocatalyst to be
improved in a heterogeneous Fenton reaction, with no limitation in the working pH
and no production of sludge. A combination of a catalyst (Cu2O) and pores-channel-
dispersed H2O2 was proposed to treat pulp wastewater. The degradation degree of COD
in the wastewater was up to 77% in a ceramic membrane reactor using Cu2O powder
(2.0 g ∙ L� 1) and membrane-feeding H2O2 (0.8 mL ∙ L� 1) within 60 min. Evolution of
•OH radical formation in the advanced oxidation process was analyzed with a fluores-
cent method. The utilization efficiency of H2O2 was successfully enhanced by 10%with
the membrane distributor. Further on, the catalyst recyclability was evaluated in a five-
cycle test. The concentration of copper ions being dissolved in the treated water was
monitored with inductively coupled plasma (ICP). After Cu2O/H2O2 (membrane)
treatment the effluent was qualified for discharge with a COD concentration lower
than 15 mg ∙ L� 1, in accordance with the Chinese national standard GB25467–2010.

Fig. 2.21 Photoelectrochemical reduction of metal ions. ITO indium tin oxide, UV ultraviolet.
(Reproduced from Wang et al. (2017), with permission)
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The electro-Fenton process is a promising advanced oxidation process for water
treatment, consisting of a series of redox reactions. An electrochemical filter was
designed and assessed for sequential electro-Fenton reactions to optimize the treat-
ment process. The CNT membrane stack (thickness �200 μm) used here consisted
of (1) a CNT network cathode for O2 reduction to H2O2; (2) a CNT–COOFe2+

cathode for chemical reduction of H2O2 to •OH and HO�, and to regenerate Fe2+

in situ; (3) a porous polyvinylidene fluoride (PVDF) or polytetrafluoroethylene
(PTFE) insulating separator; and 4) a CNT filter anode for the remaining interme-
diate oxidation intermediates. The sequential electro-Fenton process was compared
with individual electrochemical and Fenton processes using oxalate (a persistent
organic compound) as a target molecule. Synergism was observed during the
sequential electro-Fenton process. For example, when [DO]in ¼ 38 � 1 mg L�1,
J ¼ 1.6 mL min�1, neutral pH, and Ecell ¼ 2.89 V, the sequential electro-Fenton
oxidation rate was 206.8 � 6.3 mgC m�2 h�1, which was four times greater than the
sum of the individual electrochemistry (16.4 � 3.2 mgC m�2 h�1) and Fenton
(33.3 � 1.3 mgC m�2 h�1) reaction fluxes, and the energy consumption was 45.8
kWh kgTOC�1. The sequential electro-Fenton process was also challenged with the
refractory trifluoroacetic acid (TFA) and trichloroacetic acid (TCA), and they could
be transferred at removal rates of 11.3 � 1.2 and 21.8 � 1.9 mmol m�2 h�1,
respectively, with different transformation mechanisms.

2.3 Conclusions and Future Perspectives

In the present era, significant techniques are necessary for wastewater purification
technology to eliminate chemical and biological pollutants from industrial effluent.
In this context, nanomaterial-based wastewater purification technologies are essen-
tial. Furthermore, from the above illustrations, it is very clear that nanomaterials
have great impact in wastewater treatment. The contribution of semiconducting
nanomaterials in wastewater treatment for degradation is extremely substantial.
However, combination of these nanomaterials with other purification techniques
(ozonation, sonolysis, the Fenton process, etc.) synergistically improves these pro-
cesses. Nanomaterials also play a vital role in removal of pollutants via adsorption or
filtration approaches. Furthermore, the role of nanomaterials in antimicrobial activity
is very important. Hence, the use of nanomaterials in the purification of wastewater
is very efficient, without any doubt. However, the release/leaching of nanoparticles
into the water system during these processes poses serious risk. Besides, the cost of
making the nanomaterials makes these wastewater treatments very expensive, which
limits the application of nanotechnology in these fields. Hence, tremendous efforts
are required in the synthesis of cost-effective nanomaterials and restriction of
leaching of nanoparticles into aqueous environments. Nevertheless, because of
their effectiveness, nanomaterials will certainly play a key role in wastewater
treatment on an industrial scale.
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Abstract Metal oxide nanoparticles (MeO-NPs) represent a field of material chem-
istry which attracts considerable interest due to the potential technological applica-
tions such as medicine, information technology, catalysis, energy storage and
sensing and developing synthetic tailored nanostructures. Many nanomaterials can
be used as metal oxides (Ag, Al, Ca, Ce, Cu, Mg, Ti, Yt, Zn). Certain MeO-NPs have
strong antimicrobial properties, and its mechanism of actions involved in eliminating
bacteria has been studied.

In this chapter we review the methods by which MeO-NPs are synthesized such
as sonochemical, electrochemical, co-precipitation, solvothermal, sol-gel, micro-
wave, wet chemical, microemulsion, laser ablation, chemical vapour-based, com-
bustion and template/surface-mediated synthesis methods and biological
mycosynthesis, as well as crucial factors (size, shape, roughness, zeta potential,
doping modifications and environmental conditions) which affect the antibacterial
mechanisms of MeO-NPs. The link between energy-efficient preparation of huge
new variety of MeO-NP preparations and its final structural morphology can be
exploited for use in a whole range of technologically important areas including
efficient antimicrobial properties.

Previous studies have shown that the antimicrobial properties and the mechanism
of action of different MeO-NPs that play a wide role as antimicrobial agents such as
cell membrane damage by electrostatic interaction, metal/metal ion homeostasis
disturbance, reactive oxygen species production, protein enzyme dysfunction,
genotoxicity and signal transduction inhibition and photokilling are also reviewed
in this chapter. Evidence suggests that in general some nanomaterials can be more
toxic than their macro-scale counterparts and therefore caution is warranted on
human health. Previous in vitro studies indicated that in comparison with a material’s
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larger (parent) counterpart, nanomaterials can move easily through cell membranes
and can cause severe toxic effects on human health. We will also provide some
examples of the features and applications of few known MeO-NPs (TiO2, Ag2O,
ZnO, CuO, MgO, CaO, CeO2, Y2O3, Al2O3 and bimetallic oxide nanoparticles).
Indeed, the application of MeO-NPs with the minimized toxicity possibly will be
extensively used in the near future for eradicating several infectious conditions as
alternative of traditional antibiotics to overcome antimicrobial resistance.

Keywords Antimicrobial · Antibacterial activity · Doping · Metal oxide ·
Nanomaterials · Nano-metal oxides · Reactive oxygen species · Zeta potential

3.1 Introduction

Nanomaterials have wide range of applications due to their increased reactivity in
comparison to their micro-sized counterparts. Nanoscaled materials exhibit larger
surface-to-volume ratio which provides unsaturated and, thus, more reactive surface
atoms. To consider nanoparticles for any biological therapeutic applications, many
key features have to be fulfilled, such as composition, size, crystallinity, morphol-
ogy, stability, non-agglomeration and finally biocompatibility. One such class of
biologically relevant nanomaterials is metal oxide (MeO) nanoparticles (NPs).
MeO-NPs possess unique physical and chemical characteristics linked to their
nanometre size, thus offering versatility.

Most of the biochemical reactions within a body occur at the atomic level.
Therefore, it is safe to assume that the collaborative synergy between nanotechnol-
ogy and basic life sciences could solve many issues faced by fundamental biologists.
Infectious diseases are one such issue which is the main cause of mortality in the
world, and the hunt for antimicrobial agents without resistance is warranted. The
emergence of multidrug resistance (MDR) and antibiotic resistance has been
reported, and it is a public health concern. Such emergence of resistance is due to
indiscriminate use of antibiotics, leading to the evolution of new antibiotic-resistant
strains at a faster pace. Presently, microbial resistance to antibiotics has been
reaching a critical level. In exploring various options to address this problem,
inorganic nanomaterials, like metal oxide nanoparticles (MeO-NPs), have emerged
as promising candidates since they possess greater durability, lower toxicity and
higher stability and selectivity when compared to organic ones. The availability of
many different MeO-NPs with diverse physicochemical and functional properties
offers promise as antimicrobial agents. In this chapter, we summarize the general
synthesis procedures, microbicidal mechanisms, safety concerns and future pros-
pects of MeO-NPs.
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3.2 Synthesis Methods of Metal Oxide Nanoparticles

The choice of synthesis method determines the physicochemical characteristics of
the metal oxide nanoparticle, such as the size, dispersity, type of intrinsic and/or
extrinsic defects, morphology and crystal structure (Stankic et al. 2016). Some of the
common synthesis procedures for MeO-NPs are given below.

3.2.1 Sonochemical Method

In sonochemical methods, solution of the starting material (e.g. metallic salts) is
subjected to a stream of intensified ultrasonic vibrations, which breaks the chemical
bonds of the compounds leading to the creation of a localized cavitational implosion
hotspots (Gedanken 2004). This method has been used to synthesize a wide range of
nanomaterials as metals, alloys, metal oxides, metal sulphides, metal nitrides, metal-
polymer composites, metal chalcogenides, metal carbides, etc. Examples of reported
metal oxides synthesized by this method include TiO2, ZnO, CeO2, MoO3, V2O5,
In2O3 and Eu/Dy-doped In2O3, ZnFe2O4, PbWO4, BiPO4, ZnAl2O4 and ZnGa2O4—

pure and doped with varying combinations of Dy+3, Tb+3, Eu+3 and Mn+2, Fe3O4,
BaFe12O19 (Shafi et al. 1999) and Mn-doped γ-Fe2O3 (Lai et al. 2003). The
advantages associated with sonochemical methods include uniform size distribution,
a higher surface area, faster reaction time and improved phase purity of the metal
oxide nanoparticles (Fig. 3.1a).

3.2.2 Electrochemical

This method uses electrolyte solutions with two-electrode setup where the bulk
metal will be kept in anode and transformed into metal clusters (Pandey et al.
2012). To stabilize the metal clusters, tetra alkyl ammonium salts are used as
supporting electrolyte (Fig. 3.1c). Electrolysis is carried out in a nitrogen atmosphere
to remove the dissolved oxygen, and the metal cations migrate to the cathode,
whereas the bulk metal is oxidized at the anode. The residual oxygen in the
electrolytic bath oxidizes the metal into respective MeOs. Added, ammonium
stabilizers prevent agglomeration with metal powders. The current density controls
the cluster size. Chromium(III) oxide (Cr2O3), CuO and CuO multi-armed NPs have
been synthesized, and their toxic effects on micro-organisms have been validated
(Reyes et al. 2015).
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3.2.3 Co-precipitation Method

The co-precipitation method involves precipitating the oxohydroxide form from a
solution of a salt precursor (metal salts like nitrates or chlorides) in a solvent (like
water) by using a precipitating medium. The chloride salts obtained are washed,

Fig. 3.1 Synthesis methods of metal oxide nanoparticles: (a) sonochemical method, (b)
co-precipitation method, (c) electrochemical method from https://ninithi.wordpress.com/ and (d)
solvothermal method

3 Nano-metal Oxides for Antibacterial Activity 63

https://ninithi.wordpress.com/


whilst hydroxides are removed by heating to obtain the desired MeOs. Once a
critical concentration of species in solution is reached, a short burst of nucleation
occurs followed by growth phase (Fig. 3.1b). This method has been employed in
synthesizing metal oxides like ZnO, MnO2, BiVO4, MgO, Ni1-xZnxFe2 O4, SnO2,
Cu-doped ZnO, MgFe2O4, Ni-CeZrO2 and Y2O3:Eu

+3. Co-precipitation is com-
monly used for preparing magnetic nanoparticles such as magnetite by using a
base, usually NaOH and NH4OH, for alkaline co-precipitation of ferrous and ferric
salts dissolved in water in stoichiometric amounts (Colombo et al. 2012; Kumar et al.
2013b; Mascolo et al. 2013). The advantages of this method are low cost, mild
reaction conditions like low synthesis temperature, the possibility to perform direct
synthesis in water, simplicity of processing, the ease of scale-up, flexibility in
modulation of core and surface properties (Mascolo et al. 2013; Sujatha et al. 2016).

3.2.4 Solvothermal Method

These methods are employed to prepare a variety of nanomaterials by dispersing the
starting material in a suitable solvent and subjecting it to moderately high temper-
ature and pressure conditions which lead to product formation. An organometallic
complex of titanium and orthobutoxide was used for the synthesis of TiO2

nanoparticles (Gopalakrishnan et al. 2011). When the reaction is performed using
water as the solvent, the method is called hydrothermal synthesis. Chemical param-
eters (type, composition and concentration of the reactants, ratio-solvent/reducing
agent) and thermodynamic parameters (temperature, pressure and reaction time)
affect the final particle formation (Fig. 3.1d). It was also observed that basicity and
hydrolysis ratio of the reacting medium together with the steric or electrostatic
stabilization of the reactive molecules affects the nucleation and growth steps,
which in turn control the particle size, shape, composition and crystal structure of
particles. For instance, varying the hydrolysis ratio allows to synthesize either metal,
(oxy)hydroxide or oxide nanoparticles (Feldmann and Jungk 2001). Nanoparticles
of Nb2O5, MgO, TiO2, MnFe2O4, CoFe2O4 and Fe3O4 have been synthesized using
polyol as the solvent (Feldmann and Jungk 2001; Wan et al. 2007). An advantage of
this technique is the use of suitable surfactants that can tune the particle character-
istics and limit their agglomeration.

3.2.5 Sol-Gel Method

The main steps of sol-gel method include the hydrolysis of metal organic compound
precursors, like alcoxysilane (Corr et al. 2008), to produce the corresponding
oxohydroxide, followed by condensation to form a network of the metal hydroxide.
After hydroxide polymerizes, it forms a dense porous gel and the subsequent drying
and heating of which leads to the production of ultrafine porous oxides in the desired
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crystal phase. The method has been used to synthesize a variety of metal oxide
nanoparticles, like TiO2, ZnO (Caglar and Ruzgar 2015), MgO, CuO, ZrO2 and
Nb2O5 and nanocomposites, like LiCoO2 thin film, Cu-doped ZnO nanoparticles,
CuO/Cu2O nanocomposites (Mallick 2014), Ce-doped ZrO2, oxides of Hf, Ta and
Nb. This technique has also been used to prepare novel nanocomposites such as
InNbO4, a photocatalytically active ternary metal oxides semiconductor. Sol-gel
method, moreover, allows for a formation of multi-metal oxides instead of a mixture
of the individual binary oxides, as shown for SnO2-doped In2O3. Also sol-gel
provides the particle size to be tuned by simply varying the gelation time
(Fig. 3.2a). In addition, it has been reported that supercritical fluids can be used to
synthesize nanoparticles like TiO2, ZrO2, Al2O3, TiO2-SiO2, SiO2-Al2O3 and ZrO2/
TiO2 hybrid oxide nanotubes (Sui and Charpentier 2012).

3.2.6 Microwave

In this simple benchtop method, the precursors are dissolved in deionized water
separately and are made into a mixture of 100 mL solution followed by stirring
continuously for 10 min at room temperature until it turns into a white gel (Roy and
Bhattacharya 2011). The mixture is then irradiated with microwave energy and is
cooled naturally at room temperature. The precipitate is vacuum-filtered, washed
with deionized water and absolute ethanol and dried in a vacuum at 80 �C for 1 h
(Fig. 3.2b). Microwave-assisted methods involve quick and uniform heating of the
reaction medium with no temperature gradients through two mechanisms: dipolar
polarization and ionic conduction. Highly crystalline nanoparticles of MnO, Fe3O4,
CeO2, CaO, BaTiO3, ZnO, Cr2O3, CoO, Mn2O3 and MgO have been successfully
synthesized using microwave-assisted routes (Roy and Bhattacharya 2011).

3.2.7 Wet Chemical

The wet chemical route is a simple and cost-efficient method that employs any
surface irrespective of shapes and curves with wide applicability (Wu et al. 2005).
The precursors are mixed in ultrapure water and are stirred for 30 min, combined and
heated for 45 min and collected by centrifugation. CuO nanorods, Fe3O4 and ZnO
NPs have been produced and tested against micro-organisms (Fig. 3.2c).

3.2.8 Microemulsion Method

This method comprises two immiscible phases (oil and water) which are separated
by a monolayer of surfactant molecules forming two binary systems—water/
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surfactant and oil/surfactant—such that the hydrophobic tails of the surfactant
molecules are dissolved in the oil phase and the hydrophilic head groups in the
aqueous phase. The microemulsions act as nanoreactors for synthesis of the
nanoparticles. This is then followed by centrifugation, wash cycles and drying/
calcinations (Fig. 3.2d). Shape and size can be manipulated in these methods by
affecting the various self-assembled structures formed in the binary systems (Jaiswal

Fig. 3.2 Synthesis methods of metal oxide nanoparticles: (a) sol-gel method, (b) microwave
method, (c) wet chemical method and (d) microemulsion method
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et al. 2015). This method was used to synthesize iron oxide nanoparticles (Wu et al.
2008), NiO (Jaiswal et al. 2015), CeO2, TiO2, ZnO and CuO (Kumar et al. 2013a),
and nanocomposites like BaAlO2 and iron oxide-doped alumina nanoparticles. The
ability to control the formation of different kinds of core-shell structures with
sub-nanometric resolution is seen as a major benefit of this technique (Stankic
et al. 2005). Additionally, the method also provides the possibility to manipulate
size and morphology of nanoparticles by adjusting parameters such as concentration
and type of surfactant, the type of continuous phase, the concentration of precursors
and molar ratio of water to surfactant. The disadvantage associated with this method
involves the necessity of several washing processes and further stabilization treat-
ment due to aggregation of the produced nanoparticles (Wu et al. 2008).

3.2.9 Laser Ablation Method

This method is used to generate nanoparticles by laser irradiation of immersed
targets of colloidal solutions generated from bulk materials immersed in aqueous
or nonaqueous solvents (Dolgaev et al. 2002). The method has been used to
synthesize ZnO, NiO, SnO2, ZrO2, iron oxide and Al2O3 but also ternary metal
oxides like Au-SnO2 and Cu/Cu2O (Fig. 3.3a). The size of the nanoparticles can be
controlled by manipulating two parameters: laser fluence and the nature of the liquid
media. Some of the drawbacks associated with laser ablation are related to propen-
sity for nanoparticle agglomeration, lack of long-term stabilization in solution and
the need for capping (Zamiri et al. 2012).

3.2.10 Chemical Vapour-Based Methods

In chemical vapour deposition, substrates are heated to high temperatures and
exposed to precursor materials in the gaseous state. The precursors react or decom-
pose on the substrate surface to form nanomaterial (Fig. 3.3b). In this approach,
within the flow reactor, pure metal or its organic salts are heat transformed into the
vapour phase and then introduced into a hot-wall reactor, where they react with the
oxidizing agent under conditions that favour the chemical nucleation (Chen et al.
2015). Usually an inert gas, such as argon, is used to carry the gaseous reactants to
the reaction zone where nucleation and crystal growth occur. Finally, the product
that is also in the gas phase is carried to a much cooler zone where, due to such
temperature gradient, it transforms into a solid state and can get collected. These
techniques are extensively employed to produce uniform and contamination-free
metal oxide nanoparticles and films, such as ZnO nanowires and films (Terasako
et al. 2007) and defect-free ZnO nanoparticles, nanocubes and nanospheres of
magnetite, Cu2O, MgO and CaO, SnO2, SrO, CoO and Co3O4 and boron-doped
ZnO (Yadav and Uplane 2012).
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3.2.11 Combustion Method

In this synthesis method, pure metallic precursor is heated by different techniques to
evaporate it into a background gas in which the second reactant, i.e. oxidizing agent,
is admixed (Fig. 3.3c). The synthesis starts with an initialization in which the metal is
only partially heated for the oxidation reaction to start. Thereafter, the heat required
for the following metal evaporation is produced in situ by the combustion reaction
itself. Nanoparticles of ZnO (Assi et al. 2014), FeO, CuO, Mn2O3, MgO, CdO and
Co3O4 or Ag supported on MgO surface, Co3O4 on CuO nanowire arrays

Fig. 3.3 Synthesis methods of metal oxide nanoparticles: (a) laser ablation method, (b) chemical
vapour-based method from https://ninithi.wordpress.com/, (c) combustion method and (d) biolog-
ical synthesis
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(Co3O4@CuO) (Feng et al. 2012) and La0.82Sr0.18MnO3 (Epherre et al. 2011) are a
few examples of combustion-based method.

3.2.12 Template/Surface-Mediated Synthesis

The major strategies employed in this type of fabrication are electrochemical,
electroless depositions and sol-gel (Hulteen and Martin 1997), chemical polymeri-
zation (Martin 1996) and chemical vapour deposition (Cepak et al. 1997). Conse-
quently, as the reaction between metal and oxidizing agent may take place in a
different medium, this method can be attributed to both of the previously listed
classes of synthesis. The method is based on fabrication of the desired nanomaterial
within the pores or channels of a nanoporous template. Depending on the properties
of the template, various morphologies of nanomaterial, such as rods, fibrils and
tubules, can be prepared. This method can be used to synthesize self-assembly
systems with tubular and fibrillary-like nanostructures with small diameters
(D’Souza and Richards 2007). Highly monodispersed nanostructures with enhanced
activities, uniform morphology and a high specific surface area can be obtained
using this synthesis method. Examples are mesoporous MoO2 nanoparticles with
improved electrochemical properties, α-Fe3O4 and Co3O4, Fe2O3 and mesoporous
NiMn2Ox.

3.2.13 Biological Synthesis

Nature is able to synthesize a variety of metal oxide nanomaterials under ambient
conditions (Deravi et al. 2010). Biocompatibility is one of the most important
requirements for any nanomaterial used in the field of nanomedicine; extensive
research for synthesis techniques using micro-organisms is currently explored. For
instance, magnetite nanocrystals have been synthesized in magnetotactic bacteria as
a part of their magnetic navigation device (Lang et al. 2007). ZnO nanoparticles were
synthesized from leaf extracts (Rajiv et al. 2013). Raliya and Tarafdar have synthe-
sized ZnO, MgO and TiO2 nanoparticles by using fungus (Raliya and Tarafdar
2014). In these syntheses, an enzymatic reaction replaces the chemical process
which eliminates the production of toxic wastes and is more eco-friendly. In
addition, a biological synthesis is less energy intensive than its physicochemical
counterparts. The particles generated by these processes have higher catalytic
reactivity and greater specific surface area, if not coated with a lipid layer. In some
cases, nanoparticles produced in micro-organisms are purified and coated with
protein corona which confers their physiological solubility and stability. These
may be critical for biomedical applications and are the bottleneck of some purifica-
tion methods. The biological synthesis is supported by the fact that the majority of
the bacteria inhabit ambient conditions of varying temperature, pH and pressure. By
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varying parameters like micro-organism type and strain, its growth phase, culture
growth medium, pH, substrate concentrations, temperature, reaction time, addition
of nontarget ions and a source compound of the wanted nanoparticle, it is possible to
control size of particle and their monodispersity (Li et al. 2011). Compared to
chemical and physical methods, the main drawback associated with biological
synthesis is the inability to obtain desired size and/or shape of nanoparticles along
with a low yield. Slow in general, this process may take several hours and even a few
days. Moreover, the decomposition of formed nanoparticles may take place after a
certain period of time. Due to its biocompatibility, however, this process remains
very attractive when it comes to the production of potential antibacterial agents
(Fig. 3.3d).

3.2.13.1 Mycosynthesis

The precursor compound is added to a fungal filtrate and is stirred continuously for
4–6 h at 80 �C. A white precipitate will be formed after a yellowish brown precipitate
on constant stirring. The MeO nanopowder precipitate can be obtained on calcina-
tion for 2 h at 350 �C and 400 �C (Gopinath et al. 2015). CeO2 NPs have been made,
and their antibacterial efficacy has been tested (dos Santos et al. 2014).

3.3 Crucial Factors Affecting the Antibacterial Mechanisms
of Metal NPs

The physicochemical properties of NPs include their size, charge, zeta potential,
surface morphology and crystal structure, which are significant elements that regu-
late the actions of NPs on bacterial cells. Moreover, environmental conditions, the
bacterial strain and the exposure time are other major factors that influence the
antibacterial effects of NPs. Many data suggested that a large specific surface area,
high surface energy and atomic ligand deficiency lead to the aggregation of metal
oxide NPs (Raghunath and Perumal 2017). Therefore, it is important to discuss the
main factors influencing the antibacterial activity of metal oxide NPs (Fig. 3.4).

3.3.1 Size

Bacterial adhesion is a well-known process in the formation of bacterial biofilms that
makes the individual organisms much more resistant or invulnerable to conventional
antibiotics. Current research has shown that the size of a metal NP can greatly affect
its antibacterial activity. Smaller NPs have larger specific surface areas, which result
in a higher probability of being in touch with and passing through the bacterial cell
membrane than with larger NPs or polymers (Gurunathan et al. 2014).
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3.3.2 Shape

Shape is an important factor related to antimicrobial activity. NPs with different
shapes can cause varying degrees of bacterial cell damage through interactions with
periplasmic enzymes (Cha et al. 2015). A comparison of pyramid-, plate-, and
sphere-shaped ZnO NPs showed that the combination of β-galactosidase and
shape-specific ZnO NPs produced photocatalytic activity via obstruction and
restructuring of the enzyme. Pyramid-shaped n-ZnO has also been shown to prevent
the degradation of enzymes. Y2O3 is widely used as an antibacterial agent with
broad-spectrum antimicrobial activity. Prismatic-shaped Y2O3 NPs have shown
greater antibacterial activity against Pseudomonas desmolyticum and S. aureus.
Therefore, the shape of Y2O3 NPs may influence their antibacterial activity, which
may be due to the direct interaction between prismatic Y2O3 NPs and the surface of
the bacterial cell membrane, leading to breakage of the bacterial cell membrane. Ag
NPs were first applied in the field of biomedicine as sustained-release bactericidal
agents. Cube-shaped Ag NPs exhibit stronger antibacterial activity than sphere-
shaped and wire-shaped Ag NPs with similar diameters, suggesting that the shape
effect on antibacterial activity is due to the specific surface area and facet reactivity
(Actis et al. 2015).

3.3.3 Roughness

In contrast to the extensive research regarding the effects of different NP character-
istics on bacterial cells, few studies have addressed the effect of roughness. TiO2 and
copper nanoparticles for antimicrobial surface properties were shown previously. As
the roughness of NPs increases, the size and the surface area-to-mass ratio promote
the adsorption of bacterial proteins, followed by a reduction in bacterial adhesion
(Sukhorukova et al. 2015).

Fig. 3.4 Crucial physiochemical properties affecting the antibacterial mechanisms of metal
nanoparticles
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3.3.4 Zeta Potential

Recent studies have demonstrated that the zeta potential of NPs has a strong
influence on bacterial adhesion. Because the electrostatic attraction between posi-
tively charged NPs and the bacterial cell membrane, which is negatively charged, is
prone to being adsorbed on the bacterial surface and is closely connected with
bacteria, in contrast to their negatively charged counterparts, the potential of NPs
to selectively gather at sites of bacterial infection increases vascular permeability
(Bian et al. 2011). Accumulation of cationic NPs is beneficial to inhibiting bacterial
growth by limiting bacterial attachment. Slight penetration of NPs into the outer
regions of the S. aureus envelope somehow provides high germicidal efficacy,
possibly because the NPs can reach key structures through ion exchange. Compared
with negatively charged and neutral NPs, positively charged counterparts have been
believed to enhance reactive oxygen species (ROS) production. A recent study
showed that negatively charged NPs do not adhere to bacteria due to the negative
potential on both. However, at higher concentrations, negatively charged NPs have a
certain level of antibacterial activity due to molecular crowding, which leads to
interactions between the NPs and the bacterial surface (Arakha et al. 2015).

3.3.5 Doping Modification

The NPs currently used in clinical settings are limited by aggregation. Many studies have
employed doping modifications to prevent the aggregation of NPs and to allow NPs to
disperse in aqueous environments or other hydrophilic media. Doping modification is also
one of the most effective methods to regulate and control the interaction of NPs and
bacteria. Lately, the combination of ZnO NPs with Au to form ZnO/Au nanocomposites
has been used to improve photocatalytic activity and enhance ROS generation. These
effects are a result of the following factors: improved light absorption due to the surface
plasmon resonance wavelength of Au; an altered band gap width of ZnO, which enhances
the reactivity of photoinduced charge carriers; and increased efficiency of electron transport
and charge carrier separation. The activity of antibacterial ZnO can be altered by doping
modification (Mehmood et al. 2015). For example, in orthopaedic and dental implants to
reduce the formation of biofilms, doped nano-TiO2 improve the photocatalytic activity by
extending the active to visible spectrum (Sangari et al. 2015).

3.3.6 Environmental Conditions

A range of studies have indicated that different environmental conditions cause
significant differences in antimicrobial activity. For example, the temperature of
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the environment has a potent influence on antibacterial activity due to its effect on
the ROS generation rate. When ZnO NPs are stimulated by temperature, electrons
are captured at the active sites. Afterwards, the electrons interact with oxygen (O2) to
produce ROS, thereby enhancing the antimicrobial effectiveness of ZnO NPs.
Moreover, the pH of the environment influences in vitro antimicrobial activity. A
decrease in the pH increases the dissolution rate of ZnO NPs, which results in greater
antimicrobial properties (Saliani et al. 2015). pH was specifically found to be
associated with a 3.5� 0.2 to 5.8� 0.1-fold increase in NP adhesion to the bacterial
surface. In addition, the loss of efficacy of poly(lactic-co-glycolic acid) (PLGA)-poly
(l-histidine) (PLH)-poly(ethylene glycol) (PEG)-encapsulated vancomycin
decreased under acidic conditions. The results suggested that selective protonation
of the imidazole groups of PLH under acidic conditions strongly influenced NP
surface charge switching. At low pH, the surfaces of the NPs were positively
charged, which is beneficial to the interaction with the negatively charged groups
of the bacterial cell barrier, inducing strong multivalent electrostatic regulation
(Radovic-Moreno et al. 2012). The characteristics of the medium, such as the pH
and osmotic pressure, can influence the aggregation, surface charge and solubility of
NPs (Peretyazhko et al. 2014). Antibacterial tests of ZnO NPs in five types of media
demonstrated that the antimicrobial activity of ZnO NPs is mainly due to free Zn
ions and zinc complexes. Furthermore, the medium can supply nutrients to bacteria
to improve their tolerance to NPs (Li et al. 2011). Finally, a study has shown that
preparation of ZnO NPs under different stirring conditions can affect their
antibacterial activity against Gram-positive (B. subtilis) and Gram-negative
(E. coli) bacteria and a fungus (C. albicans) (Khan et al. 2016).

3.4 Mechanisms of Metal Oxide Nanoparticle (MeO-NP)
Antimicrobial Activity

With their unique physical, chemical, electrical, magnetic, optical and biological
properties, MeO-NPs are of immense interest to scientists as antimicrobial agents.
Molecular mechanisms of antimicrobial activity of MeO-NPs are still in its infancy,
and its mechanistic elucidation is a topic that demands in-depth research. Although
the mechanisms are not fully understood, research has revealed that retardation/
killing of bacterial growth is brought about by the interplay of one or more
mechanisms and it varies with the MeO-NP nature and chemistry. The principal
mode of antimicrobial activity is the generation of ROS. Besides ROS production,
damage to cell membranes by electrostatic interaction, disturbance in metal/metal
ion homeostasis, protein and enzyme dysfunction, genotoxicity and photokilling are
other modes of action (Fig. 3.5).
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3.4.1 Cell Membrane Damage by Electrostatic Interaction

The electronegative chemical groups of the polymers on bacterial membranes are
sites of metal cation attraction. The negative charge is carried on the surface of both
bacteria and spores at biological pH because of the carboxylic acid groups in the
proteins. The charge difference between bacterial membranes and MeO-NPs leads to
electrostatic attraction, and thus MeO-NPs accumulate on the cell surface and
ultimately allow entry into the bacteria. This co-ordination of membrane polymers
with cationic MeO-NPs exerts toxicity to micro-organisms. Gram-negative bacteria
have a greater negative charge than Gram-positive bacteria (Chung et al. 2004), and
hence the electrostatic interaction will be stronger in Gram-negative strains. Lipo-
polysaccharide (LPS) in the outer leaflet of the lipid bilayer has more charge per unit
surface than other phospholipids in Gram-negative bacteria, thus rendering them
highly negative in charge. The electrostatic force of attraction depends on the surface
area available for interaction, which is extensively offered by MeO-NPs compared
with their native large-sized particles, thus imparting cytotoxicity. The ratio of

Fig. 3.5 Mechanisms of metal oxide nanoparticle (MeO-NP) antimicrobial activity
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particle size to surface area (smaller particle size with the larger surface area)
determines greater the efficacy of MeO-NPs in inhibiting the growth of bacteria.
Attachment of MeO-NPs alters the structure and permeability of the cell membrane.
Positively charged MeO-NPs make a strong bond with membranes, resulting in the
disorganization of cell walls. This membrane disruption in turn increases permeabil-
ity, eventually pulling more MeO-NPs into the microbial system with simultaneous
leakage of cellular contents (cellular factors, LPS and membrane proteins). The
pores on the membranes are in the order of nanometres, whereas the bacterial size
is in the micrometre range, which makes the entry of MeO-NPs into bacterial cells
possible. The zeta potential exhibited by MeO-NPs elevates the interaction with
bacterial membranes causing membrane disruption and loss of intracellular contents.
Accumulation of MeO-NPs within the cell dissipates the proton motive force, thus
disrupting the chemiosmotic potential of the membranes and causing leakage of
protons. Growth is inhibited as an after-effect of the electrostatic interaction between
MeO-NPs and the cell surface. In some cases, formation of pits is observed in the cell
walls of bacteria exposed to aluminium oxide (Al2O3) NPs. In addition to cell
membrane binding, MeO-NPs bind with mesosomes and hence alter cellular respi-
ration, cell division and DNA replication. Although multiple mechanisms of micro-
bial cell membrane damage have been revealed from different studies (Chung et al.
2004), further investigation is warranted.

3.4.2 Disturbance in Metal/Metal Ion Homeostasis

Metal ion homeostasis is essential for microbial survival as it regulates metabolic
functions by assisting coenzymes, cofactors and catalysts. An excess metal or metal
ion within a bacterium causes metabolic functional disorders. Metal ions bind with
DNA and disrupt the helical nature by cross-linking between and within DNA
strands. This has been reported on exposure of micro-organisms to copper oxide
(CuO) NPs. Metal ions released from the MeO-NPs carry a positive charge, bringing
electrostatic interactions into play. The metal ions neutralize the charges on LPS and
increase permeabilization of the outer membrane. Bacterial growth is slowed down
as the membranes become disorganized, with increased permeability contributing to
the accumulation of MeO-NPs in the cells. ZnO NPs and silver (Ag) NPs were
shown to disrupt the porins and LPS in the outer membrane. Strong binding of
MeO-NPs to the outer membrane inhibits active transport and the activities of
dehydrogenase and periplasmic enzymes, as evidenced from the treatment of
Escherichia coli with TiO2 and CdONPs (Rezaei-Zarchi et al. 2010). Long-chain
polycations coated onto cell surfaces are reported to efficiently kill both Gram-
positive and Gram-negative bacteria (Tiller et al. 2001). Released metal ions from
MeO-NPs in cells are reduced to metal atoms by thiol (–SH) groups in enzymes and
proteins, thus inactivating the essential metabolic proteins by blocking respiration
and leading to cell death. Metal ions can also interact with –SH groups in the
peptidoglycan layer and cause cell wall destruction. MeO-NPs slowly release
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metal ions through adsorption, dissolution and hydrolysis (Wang et al. 2016); they
are toxic and abrasive to bacteria and hence lyse the cells. The abrasive nature of
MeO-NPs causes surface defects, thus bringing physical damage to the cell wall.

3.4.3 Production of Reactive Oxygen Species (ROS)
and Oxidative Stress

Once MeO-NPs enter into bacteria, they induce the generation of ROS [superoxide
anion (O2�), hydroxyl radicals (OH•), hydrogen peroxide (H2O2) and organic
hydroperoxides] that are pernicious to bacteria, causing damage to almost all organic
biomolecules (amino acids, carbohydrates, lipids, nucleic acids and proteins) and
eventually causing microbial death. Three key features play a role in the generation
of ROS: active redox cycling, pro-oxidant functional groups on the MeO-NP surface
and cell-particle interactions (Nel et al. 2006). The change in electronic properties
and reduction in particle size produce reactive groups on the surface of the particles.
These reactive sites are the centre of interaction between molecular oxygen and
electron donor/acceptor active sites and result in the formation of O2•�. This O2•�

will further produce more ROS through Fenton-type reactions (Nel et al. 2006). The
physicochemical properties of MeO-NPs, such as surface area, diffusibility and
electrophilic nature, determine the amount of ROS produced in the bacteria. ROS
production by MeO-NPs primarily inhibits respiratory enzymes (Thekkae Padil and
Cernik 2013). O2•� generates damaged iron-sulphur (Fe-S) clusters in the electron
transport chain, releasing more ferrous ions, thus decreasing ATP production. These
electrostatic interactions lead to morphological changes in bacterial cells, causing
distortion and damage to the bacterial cell membrane on treatment with MeO-NPs.
These ferrous ions are oxidized by the Fenton reaction, generating more OH• and
eventually damaging DNA, proteins and lipids. H2O2, a potent oxidant lethal to
cells, harms DNA and proteins in micro-organisms. In fungi, ROS exhibited
anticandidal activity through cytotoxicity and apoptotic cell death on exposure to
ZnO NPs. ZnO NPs are shown to inhibit fungal growth by impeding cell function
and the formation of fungal hyphae (He et al. 2011). These increased free radicals
will initiate the peroxidation of unsaturated phospholipids in the membranes, thus
producing more peroxyl radical intermediates, leading to severe damage. The
membrane architecture becomes damaged due to lipid peroxidation, thus causing
conformational changes in membrane proteins and altering membrane fluidity,
integrity and lateral organization, ultimately affecting membrane properties and
functions. Ion imbalance occurs as more ions leak due to membrane damage.
Malondialdehyde (MDA), an index of cell membrane damage, is increased due to
lipid peroxidation by ROS. TiO2 NPs increased the production of MDA in bacterial
cells. Being reactive, MDA alters proteins through carbonylation or forms protein-
MDA adducts. ROS production damages phospholipids in the membranes, lipopro-
teins and nucleic acids, causing oxidative stress eventually destroying the microbe.
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Glutathione, a non-enzymatic antioxidant, protects bacteria from oxidative stress.
Metal ions discharged from MeO-NPs oxidize cellular glutathione leading to exces-
sive ROS. In addition, oxidized glutathione increases lipid peroxidation in the
bacterial membrane leading to damage to bacterial cells. The antioxidant enzyme
activities are disrupted by excessive generation of ROS within the bacterial cell. This
imbalance in oxidants and antioxidants causes oxidative stress within the microbes.
Generation of ROS eventually leading to oxidative stress is one of the mechanisms
mediated by MeO-NPs against micro-organisms to kill them.

3.4.4 Protein and Enzyme Dysfunction

Protein dysfunction is another mode of antibacterial activity exhibited by MeO-NPs
(Aggarwal et al. 2009). Metal ions catalyse the oxidation of amino acid side chains
resulting in protein-bound carbonyls. The levels of carbonylation within the protein
molecule serve as a marker for oxidative protein damage. This protein carbonylation
will lead to loss of catalytic activity in the case of enzymes, ultimately triggering
protein degradation. In addition, these ions react with the –SH groups of many
proteins and enzymes and render them inactive. Some metals, such as Ag in
particular, may act as a weak acid and have a tendency to react with soft bases
such as sulphur and phosphorus, which are the main constituents of proteins and
DNA, respectively. Metals released can interact with these soft bases and damage
DNA, thus leading to cell death. In addition, bacterial Fe-S dehydratases are prone to
inactivation by MeO-NPs. In E. coli, Cu depleted Fe-S dehydratases and eventually
triggered bacteriostasis. Metalloid oxyanion tellurium(IV) generated ROS and oxi-
dized Fe-S clusters (Calderon et al. 2009). Besides obstructing the catalytic site,
MeO-NPs are also capable of binding to non-catalytic sites, thereby hindering
enzyme activity.

3.4.5 Genotoxicity and Signal Transduction Inhibition

Due to their electrical properties, MeO-NPs interact with nucleic acids, particularly
genomic and plasmid DNA (Giannousi et al. 2014). MeO-NPs suppress the cell
division of microbes by disrupting the replication processes both of chromosomal
and plasmid DNA. Iron oxide (IO) NPs mediated DNA damage by hydrogen
peroxide in aerobic micro-organisms (Arakha et al. 2015). In rare cases, metal ions
bind to the 30s ribosomal subunit, thus stalling movement of the ribosome complex
and blocking the translation of proteins from mRNA. Signal transduction in bacteria
is known to be affected by MeO-NPs. Phosphotyrosine is an essential component of
the signal transduction mechanism in bacteria; MeO-NPs dephosphorylate the
phosphotyrosine residues, thus inhibiting signal transduction and ultimately
obstructing the growth of bacteria (Shrivastava et al. 2007).
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3.4.6 Photokilling

Photokilling occurs whenMeO-NPs are exposed to microbes in the presence of light. Only
transitionMeOs can be photosensitized, not allMeOs (Chen andWang 2014). The effect of
light will lead to photochemical alteration of the cell membrane, Ca2+ permeability,
diminution in superoxide dismutase (SOD) activity, damage to proteins/DNA and abnor-
mal cell division. Generation of O2� is the primary reason wherein the generation and
release of electrons occur through light. These electrons are grabbed by MeO-NPs, thus
generating more ROS. The growth of nosocomial bacteria was suppressed via photochem-
ical reactions exhibited by Fe3O4 NPs. Under 50 min of UV light, complete killing of
micro-organisms occurred in the presence of TiO2.

3.4.7 Other Mechanisms

Yet another mechanism found to be effective against E.coli occurs when Ag-TiO2

acts as a photocatalyst under solar light illumination. The surface plasmon resonance
effect under solar light sustains the generation of photoinduced electrons, eventually
leading to the production of ROS within bacterial cells, thus killing them (Gomathi
Devi and Nagaraj 2014). Biofilms are the most difficult to tackle with antibiotics.
MeO-NPs offer a great advantage against biofilm formation. A study with
superparamagnetic iron oxide nanoparticles (SPIONs) alone and in conjugation
with iron and zinc showed antibiofilm efficacy against methicillin-resistant Staphy-
lococcus aureus (MRSA) when supplemented with fructose metabolites. The fruc-
tose might facilitate increased uptake of SPIONs by biofilms, and in addition it might
reduce the toxicity of NP treatments. ZnO NPs in combination with ultrasound
stimulus (5 W/cm2) decreased the S. aureus populations efficaciously. Agglomera-
tion of MeO-NPs plays a major role in the interaction with micro-organisms where
ultrasound stimulation agitates the clumped bacteria and prevents aggregation of
NPs, thus improving the interaction between the particles and microbes. Production
of H2O2 upon ultrasound stimulus in combination with ZnO NPs was enhanced.
Although this ultrasound stimulation is found to be effective, the stimulus will
enhance its entry into the systemic circulation. The photothermal killing of MRSA
and vancomycin-resistant enterococci using Van-Fe3O4@Au nanoeggs was demon-
strated (Huang et al. 2009). Van-Fe3O4@Au nanoeggs acted as photothermal agents
under near-infrared light illuminated at 808 nm, ca. 250 mW/cm2 exhibited magnetic
properties and enhanced photothermal killing of both Gram-positive and Gram-
negative bacteria and some antibiotic-resistant strains. The major setback is that
this photothermal killing has been demonstrated in a dispersed solution but not in
in vitro and in vivo systems (Stankic et al. 2016; Wang et al. 2017). The different
mechanisms through which the different MeO-NPs exert their antimicrobial action
have not been completely understood. A thorough understanding of how MeO-NPs
act on microbes is the need of the hour. Further studies are warranted to determine
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whether simple MeO-NPs, the conjugated forms, doped forms functionalization or
surface modifications are the best for antimicrobial action and whether all the forms
exhibit the same mechanism or do the modifications bring in a change in the
mechanism.

3.5 Features and Applications of Few Known MeO-NPs

3.5.1 TiO2 Nanoparticles

Currently, reports indicate that TiO2 NPs can be used for many industrial applica-
tions and can act as a multifunctional material. These nanoparticles are very durable
and work on a wide spectrum of bacteria as antimicrobial agents (Al Othman et al.
2013). The photocatalytic properties of TiO2 are especially useful in the eradication
of bacteria (Al Othman et al. 2013). This property, along with its size and surface
characteristics, determines the industrial applications of TiO2 NPs. These NPs are
used in paints, cosmetics, antibacterial agents, sunscreens, treatment of waste water,
water treatment for drinking purposes, self-cleaning applications, antifogging
agents, gasoline detectors as well as for a large number of biomedical applications.
The photocatalytic property of TiO2 depends on its nanostructure, size along with the
purity of the metal oxide used. It has been reported previously that oxidative stress
after the formation of ROS could play a very important role in the antimicrobial
mechanism of TiO2 NPs. The generated ROS causes damage to the molecular
structure of the cell, including DNA, lipid and protein damage. TiO2 irradiation by
lighting or UV produces band gaps or electron holes and free electrons that allow
redox reactions to take place on the surface of the TiO2 semiconductor. Thus, when
the TiO2 absorbs a high-energy photon, electrons in TiO2 are excited, which then
bounce from the valence band to the conduction band, creating an energy hole and a
free electron which, along with an oxidant, reduce the product. In the case of
reductive reactions, these electrons combine with an oxygen molecule to form O2�

which, along with water, generate hydroxyl radicals. The photocatalytic activity of
titanium dioxide is very useful in the degradation of hydrocarbons and organic
contaminants in the soil and water. Moreover, this activity also enables the metal
oxide to degrade noxious chemicals along with inhibiting biofilms and resisting
bacterial growth (Lampimäki et al. 2015; Sahoo et al. 2015). TiO2 NPs can be used
in a wide variety of applications. Some of these include the use of these NPs as
antibacterial agents, self-cleaning, UV protection, super-hydrophilic as well as ultra-
hydrophobic coats on houses and dye degradation in effluent water along with
forming a nano-catalyst when the metal oxide is coupled to cellulose and
polycarboxylic acids (Karimi et al. 2010). As mentioned above, the photocatalytic
properties of TiO2 NPs play a major role in the eradication of microbes. The NPs
produce reactive oxygen molecules in the presence of UV light. This photocatalytic
activity resulted in lipid peroxidation that caused an increase in the membrane
fluidity and disrupted the cell structure (Niazi and Gu 2009). However, TiO2 NPs
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could cause considerable damage to the DNA and other biomolecules in human cells
and tissues (Fang et al. 2015). TiO2 thus possesses strong antimicrobial properties
due to its mechanism of ROS generation; however, it can prove to be very toxic to
human health.

3.5.2 Silver Oxide (Ag2O) Nanoparticles

Many reports in literature state that Ag NPs are one of the most popular inorganic
NPs to be used for inhibition of microbes (El-Batal et al. 2014). Since ancient times,
silver has been used in homes and industries as a preferred antimicrobial agent to
deal with the microbial attack and avoid spoilage. Currently, scientists are exploring
various other applications of Ag NPs along with its bactericidal properties (You et al.
2012). Ag NPs can be produced on a preparatory scale by various techniques (Peters
et al. 2014), such as photocatalysis, matrix biochemistry, photochemical or radio-
chemical, photoreduction, sonolysis, wire explosion, polyols, micelle-based and
biological synthesis (Attarchi et al. 2013). As mentioned above, though silver has
strong antimicrobial properties (Griffith et al. 2015), it can have an adverse effect on
the human body (Ahamed et al. 2010). Silver has an ‘oligodynamic’ effect, i.e. it is
able to exert a bactericidal effect on the containers that are coated with it, e.g. silver
pots that store water. This is could be on account of the inherent antimicrobial
property by the silver metal (Mousavi et al. 2015). The efficacy of Ag NPs has been
tested against a wide range of bacteria. Ag NPs, even in low concentrations, have
shown a positive effect on more than 650 disease-causing microbes, including
bacteria, algae and fungi, present in the human body. The basic bactericidal mech-
anism of Ag2O NPs can be explained in brief: generally, inorganic ions destroy the
cell structure by disrupting the membrane and the disulphide linkages present on the
various protein in the transmembrane layer (Chichiriccò and Poma 2015). The
destruction of this membrane eventually leads to a slowdown in the metabolic
processes, leading to cell death. The metal ions further catalyse the formation of
free radicals, which oxidize various macromolecules in the cell. There is no contact
between the metal ion and the microbes in the body, as the free radicals can travel
through the bloodstream and diffuse in the body which inhibits the microbial cell
population. As the microbes are not exposed to the radicals for long durations, they
are not capable of developing resistance to it. However, in spite of the many
advantages, silver ions can affect the biomolecules and lead to cell disruption.
They have an affinity for the nucleophile amino acid residues on the proteins and
can even react with the sulfhydryl, imidazole, amino, carboxy and phosphate
residues in the proteins and the various cellular components (Griffith et al. 2015).
Silver also combines with an oxygen molecule and reacts with the sulfhydryl groups,
to form R-S-S-R bonds, thus hindering respiratory activities and resulting in cell
death (Ikegami et al. 2015). Silver NPs inhibit many oxidative enzymes, including
alcohol dehydrogenase, and inhibit the uptake of succinate by the membrane vesi-
cles. They cause oxidative DNA damage and interfere with DNA replication
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processes (Hackenberg et al. 2011) and mitochondrial functioning and destroy the
cellular membrane structure (Balakumaran et al. 2016; Griffith et al. 2015). Ionic
forms of silver or Ag NPs can interact with the bacterial cell wall by electrostatic
interactions and form small pits on the cell wall. Generally, low concentrations of
Ag + can lead to loss of protons from the cell membrane, resulting in the destruction
of cellular structure. The antimicrobial action of Ag NPs was due to the formation of
free radicals, which disrupted cell membranes. Furthermore, these free radicals on
the membrane surface result in electron spin resonance (ESR), which is another
bactericidal effect. The Ag2O nanoparticles might be demonstrated as a novel
antibiotic. These nanoparticles can damage the DNA of E. coli, and it can terminate
the cell cycle at the G2/M phase due to the DNA damage. The mechanism of this
action is through oxidative stress. Therefore, these nanoparticles demonstrated
strong antimicrobial activity with high toxicity (Sathyanarayanan et al. 2013).

3.5.3 ZnO Nanoparticles

ZnO NPs are very effective antimicrobial agents and are efficient against both,
Gram-positive and Gram-negative bacteria, in addition to the thermophilic and
barophilic spores (Raghupathi et al. 2011). The metal oxide, ZnO, has many
applications involving their use as solar cells, detectors, displays, gasoline detectors,
piezoelectric units, varistors, electro-acoustic transducers, sunscreens, antireflection
films, photodiodes accompanied by UV light emitters, UV absorbers and
photocatalysts (Montes et al. 2014). The structural formations of ZnO are as
nanowires, nanotubes, nanobelts and nanocages. The ZnO NPs are effective antimi-
crobial agents as they reduce the microbial viability. The exact mechanism of this
activity is not understood yet. However, one theory proposes the formation of a
strong oxidant, hydrogen peroxide (H2O2). Another hypothesis for antibacterial
activity of ZnO NPs involves their accumulation on the bacterial cell membrane,
with the help of electrostatic attractive forces. Some other possible mechanisms that
involve cell membrane disruption include generation of ROS on the NP surface, the
release of zinc ion in the cell, membrane dysfunction or internalization of NPs,
which could aid in its antimicrobial activity (Li et al. 2012). Besides, ZnO NPs also
possess very high photocatalytic properties, which help its role as an antibacterial
and antifungal agent. ZnO NPs are capable of forming ROS even under the presence
of UV light (Mehmood et al. 2015).

3.5.4 CuO Nanoparticles

Due to their unique physicochemical and biological properties along with their wide
antibacterial properties, Cu nanoparticles have become very popular amongst the
scientific community (Lee et al. 2013; Li et al. 2012). Copper nanoparticles set

3 Nano-metal Oxides for Antibacterial Activity 81



directly into submicron contaminants connected with sepiolite particles and com-
pared the bactericidal efficacy of this mixture with the known antibacterial agent,
triclosan. Cu NPs were also deposited on polypropylene by magnetron sputter, to
improve its resistance to UV radiation. The improvement in the electromechanical
conductivity of the material after deposition of Cu NPs in the form of a thin film was
also investigated (Habibi and Rezvani 2015). Cu NPs can easily penetrate across the
cell membrane and bring considerable damage to the enzymatic processes of the cell.
This property makes them very effective antimicrobial agents (Reyes et al. 2015).

3.5.5 MgO Nanoparticles

Magnesium oxide NPs are very stable and biocompatible and are very efficient
antibacterial agents. Microbes are capable of developing resistance to any chemical
that is added to their natural environment. MgO NPs, being a relatively new ceramic
antimicrobial agent, have very effective bactericidal properties. The high alkalinity
and presence of oxygen gaps on the MgO NPs also add to their antibacterial
property. When used in combination with the other antibacterial agents, they can
bring about complete eradication of the pathogenic microbes (Hahn et al. 2012;
Sawai 2003). According to published reports, MgO NPs damage the cell membrane
and cause lipid peroxidation, leading to the leakage of intracellular contents, which
results in cell death (Yamamoto et al. 2010).

3.5.6 CaO Nanoparticles

The CaO NPs demonstrated the strong antimicrobial activity due to alkalinity and
ROS. The antimicrobial mechanism of these nanoparticles is related to the genera-
tion of ROS and increase of pH due to the hydration of this nanoparticle in water.
The CaO NPs showed antimicrobial activity against both Gram-negative and Gram-
positive bacteria such as E. coli and S. aureus. The antimicrobial mechanism of CaO
NPs was due to the ROS generation. Therefore, it can damage the cell membrane and
then leading to the leakage of intracellular contents which can cause cell death.
Therefore, CaO nanoparticles indicated excellent antimicrobial activity, but it shows
toxicity due to the generation of ROS free radicals (Sawai 2003; Yamamoto et al.
2010).

3.5.7 CeO2 Nanoparticles

Cerium oxide (CeO2) is a nonstoichiometric compound. The cerium (Ce) atom is
characterized by three and four oxidation states (Ce4+, Ce3+). There are oxygen
gaps present in the oxidation states of these two CeO2 NPs. The creation of an
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oxygen vacancy is accompanied by the reduction of the Ce4+ form to the Ce3+,
resulting in the loss of an oxygen molecule. This unique radical scavenging property
of ceria makes them an attractive option in wound healing. CeO2 nanoparticles have
a good antimicrobial activity, as they can act as radical scavengers and block the
ROS production to eliminate bacteria (dos Santos et al. 2014).

3.5.8 Y2O3 Nanoparticles

Yttrium oxide (Y2O3) has a cubic structural composition. The metal oxide, yttrium
oxide, is important due to its highest value for free energy released from the
formation of its oxide form, from its elemental form. Yttrium oxide (Y2O3) does
not deviate from its stoichiometry under the normal temperature and pressure
conditions or by the effect of atmospheric CO2 and H2O. The antioxidant properties
of these NPs also prevent the cell death due to excessive oxidative stress. The
properties of NPs are dependent on its structure but not on its size, with similar
activity seen in the size range of 6–1000 nm. These nanoparticles are able to rescue
cells from oxidation cell death induced by stress in a way that seems to be dependent
on the structure of the particle but independent to its size in the range of 6–1000 nm.
The yttria NPs are relatively non-toxic to macrophages and neutrophils. This is a
very useful wound healing property (Becker et al. 2002).

3.5.9 Al2O3 Nanoparticles

Alumina forms stable NPs which are resistant to temperature changes and have a
hexagonal close packing structure, comprising of the oxygen and the Al3+ ions that
fill 65% of all the octahedral sites present in the structural network. Alumina NPs act
as antioxidants and block the production of ROS, indirectly blocking apoptosis,
which initiates the ROS defence system, before completing the cell death
programme (Sadiq et al. 2009).

3.5.10 Bimetallic Oxide Nanoparticles

Bimetallic oxides are new materials containing dual active metal oxide NPs (Fe, Ni,
Mg, Zn and Ag) that has been considered to have special properties such as high
antimicrobial activity. The previously published study reported antimicrobial activ-
ity of different bimetallic oxides against Gram-negative and Gram-positive bacteria.
ZnMgO NPs are one of the bimetallic oxide NPs that showed antimicrobial activity
against Gram-negative (E. coli) and Gram-positive (B. subtilis) bacteria. The
ZnMgO NPs also showed high antibacterial activity against B. subtilis bacteria.
The Fe-Ag NPs showed high antimicrobial activity against Gram-negative bacteria
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(E. coli). The antimicrobial mechanism of both might the ROS generation and cell
wall damaged. Therefore, the combination of this metal oxide can be improved only
antimicrobial activity (Parham et al. 2016; Vidic et al. 2013).

3.6 Limitations of the Current Research and Future
Prospects

The antibacterial mechanisms of NPs are still unclear. For instance, many studies
attribute the antibacterial activity to oxidative stress or ROS, whereas for other NPs,
such as MgO NPs, the antibacterial mechanism may not be associated with the
regulation of bacterial metabolism. Therefore, the antibacterial mechanisms of NPs
are worth addressing in future research. The lack of unified standards is one
limitation of the existing studies on the antibacterial mechanisms of NPs. In partic-
ular, different bacterial strains, action times and NP characteristics have been
examined in different studies, which make it difficult to compare antibacterial
activity. Moreover, no single method fulfils all the conditions for obtaining infor-
mation about the antibacterial mechanisms of NPs. Because different types of NPs
exhibit different antibacterial effects, a comprehensive analysis is often proposed to
study the potential antibacterial mechanisms. Sensitive bacterial strains are also
often used to exactly determine the antibacterial activity of NPs. Other limitations
are the complex structure of the bacterial cell membrane and the lack of research
approaches for in vitro studies. Furthermore, in vitro models cannot fully simulate
the in vivo condition to accurately duplicate cellular interactions in the body.
Therefore, it is impossible to estimate the antibacterial action of NPs through
in vitro bacterial cell culture alone. There are still many unanswered questions
regarding nanoneurotoxicity, such as how NPs cross the bacterial cell membrane.
The bacterial cell membrane is both a barrier and a channel for the inward and
outward movement of substances. In Gram-negative bacteria cell membranes,
porins, which generally allow the passage of molecules, 600 Da, are the main
channels for the movement of foreign molecules into and out of the bacterial cell
body. Therefore, the transport of nearly NPs will be limited due to their size.
However, certain scholars have proposed that porins can mediate the passage of
NPs with diameters in the range of 1–9 nm through the bacterial cell membrane
(Huang et al. 2009). Endocytosis of bacteria, similar to what is observed for
eukaryotic cells, may be considered as another mechanism of NP movement
(Wang et al. 2017). However, no results have been presented on this topic. Cur-
rently, the most reasonable mechanism is that bacterial cell exposure to lower
concentrations of NPs causes the complete disintegration of the cells and removal
of the LPS layer, which protrudes from the cell surface in the form of vesicles. Such
membrane protrusions bind to NPs, which then enter the cell by electrostatic
attraction. Furthermore, studies addressing the intracellular inhibitory mechanisms
remain limited. The oxidative stress induced by NPs deserves attention, and few
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studies have considered the action of NPs on the gene expression, protein synthesis
and metabolism of bacterial cells.

The next hurdle in the use of MeO-NPs as antimicrobials is their potential toxicity
in humans. Although MeO-NPs can be an alternative to conventional antibiotics, the
disruption of beneficial microflora is a concern in addition to the systemic toxicity,
and effective delivery has to be explored. The need of the hour is knowledge of the
interaction of MeO-NPs with human cells and organs, such as their ability to cross
the blood-brain barrier and blood-testis barrier. Such knowledge acquired through
studies in the coming years will explore MeO-NPs in agriculture, environmental
sciences, food science, medicine and veterinary science. Microbes expel conven-
tional antibiotics and acquire resistance through ATP-binding cassette (ABC) trans-
porters. The importing of divalent metal ions into the cell through ABC transporters
has not yet been explored by scientists.

3.7 Conclusion

Finally it may be concluded that the metal oxide nanoparticles with the minimized
toxicity possibly will be extensively used in the near future for eradicating several
infectious conditions. We believe that development of the simple and low-cost
inorganic antimicrobial agents such as metal and metal oxide nanoparticles as
alternative of traditional antibiotics might be promising for the future of
pharmaceutics and medicine to overcome antimicrobial resistance.
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Abstract Nanomaterials with unique optical properties and biocompatibility have
been widely employed for designing and fabricating highly selective and sensitive
nanosensors for the detection of various chemical and biological species. The
development of nanomaterial-based chemo- and biosensors is studied usually
under direct spectroscopic and reagent-mediated sensor platforms using both
unmodified and surface-functionalized nanomaterials. This chapter mainly focuses
on selective sensing of chemical and biological molecules using various types of
nanomaterials. The main readouts are absorption (colorimetric, UV-visible), fluo-
rescence, Raman/SERS spectroscopic, and electrochemical sensing techniques. The
detailed discussion on the design of nanomaterial-based sensing systems, sensing
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principle, sensing method, and their signaling mechanisms has been provided. The
sensing systems can also be ideally utilized for real-time applications.

Keywords Nanomaterials · Chemosensors · Biosensors · Absorption ·
Fluorescence · SERS and electrochemical sensors

4.1 Introduction

The recognition and sensing of chemical and biologically important species have
emerged as significant goals in the field of nanosensors in recent years (Quang and
Kim 2010; Zhou et al. 2011; Kim et al. 2011). Nanostructured materials are of great
interest due to their size- and shape-dependent physical and chemical properties
(Ferrando et al. 2008; Huynh et al. 2002; Kumar et al. 2016). There is also an
increased interest in the synthesis of more complex nanostructures such as core-shell
and hollow particles for advanced applications in chemical and biological sensing
(Liang et al. 2009; Taton et al. 2000). The design and fabrication of nanomaterial-
based sensors have generated great interest in detection of chemical and biological
important target species with high precision and accuracy (Awual et al. 2015;
Borisov and Wolfbeis 2008; Jung et al. 2010). The detection of the targeted species
typically occurs through a controlled binding event and is then transmitted as a
readable signal. A variety of signaling procedures are used for nanoparticle-based
sensor with light absorption or either through fluorescence (Descalzo et al. 2005;
Doleman et al. 2007) or scattering or current and potential changes (Zhan and Bard
2007).

Several analytical techniques, such as resonance Rayleigh scattering (Wen et al.
2013; Zhan et al. 2012), atomic absorption spectrometry (AAS) (Gao et al. 2012),
inductively coupled plasma mass spectrometry (ICP-MS) (Chen et al. 2010), cold
vapor atomic fluorescence spectrometry (Zhang et al. 2010), attenuated total reflec-
tance Fourier-transform infrared spectroscopy (ATR-FTIR) (Vigano et al. 2005),
etc., have been developed for sensing chemical and biological molecules. Most of
the analytical techniques are more expensive and time-consuming processes. Con-
sequently, high selectivity and sensitivity with simple instruments and easy opera-
tion have received much attention in recent years. Absorption spectroscopy
(colorimetric/UV-visible), fluorescence spectroscopy, Raman spectroscopy, and
electrochemistry are powerful analytical techniques for qualitative and quantitative
sensing of chemical and biological molecules, as they offer simple handling, easy
interpretation, moderate cost, portability, and fast analysis of the samples.

In general, sensors involve interaction between the target molecule (analyte) and
a receptor (chemical or biological) that is signaled by an easily detectable change
(Fabbrizzi and Poggi 1995). Most sensors depend on the binding mechanism or a
chemical reaction to change the reporter characteristics (De Silva et al. 1997). All the
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sensors have been synthesized along these strategies for the detection of chemical
and biological important analytes. According to the current IUPAC’s definition “A
chemical or bio-sensor is a device that transforms chemical information, ranging
from the concentration of a specific sample component to total composition analysis,
into an analytically useful signal.” Optical reporter absorption (colorimetric and
UV-visible), fluorescence, Raman spectroscopy, and electrochemical sensing have
been widely used in this context (De Silva et al. 2009; Nguyen and Anslyn 2006),
owing to a usually fast and convenient implementation. The instrumentation
required for the use of such techniques is relatively simple and cheap which makes
the quite attraction of sensors. However, the development of sensors is not trivial;
materials science, molecular recognition, and device implementation are some of the
aspects that play a significant role in the design of sensors.

In order to obtain the excellent selectivity and high sensitivity of chemical and
biosensing, specific recognition and/or signal triggering elements are introduced
which should be functionalized on the surface of nanomaterials with appropriate
methods. The various approaches (Fig. 4.1) for the functionalization of nanoparticles
(NPs) usually include noncovalent interaction such as physical adsorption, specific
affinity interaction, and entrapment of chemical or biomolecules around the
nanoparticles and covalent interaction of chemical or biomolecules with the func-
tional groups on the nanoparticle surface (Veiseh et al. 2010). In signal amplification
strategies, the nanomaterials usually act as catalysts to trigger the detectable signal or
carriers for high loading of signal tags.

Fig. 4.1 Schematic illustration of signal amplification strategies using unmodified and surface-
functionalized nanomaterials for sensing via absorption, fluorescence, SERS and electrochemical
methods
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4.2 Principle and Operation Stages of a Sensor (Fig. 4.2)

4.3 Structure Adopted for Nanomaterial-Based Chemo-
and Biosensors

The development of nanomaterial-based chemical and biological sensors is typically
under direct spectroscopic and reagent-mediated sensors using both unmodified and
surface-functionalized nanomaterials. This chapter exclusively deals with powerful
analytical techniques such as absorption spectroscopy (colorimetric/UV-visible),
fluorescence spectroscopy, Raman spectroscopy, and electrochemistry. The detec-
tion of analyte is directly based on some fundamental optical or electrical property
via color changes/absorption, emission, scattering, or current and/or potential
changes. The whole structure of this chapter is shown in Fig. 4.3.

4.4 Nanomaterials as Sensing Platforms

The development of nanomaterial-based sensors is usually achieved either in
unmodified or in functionalized nanoparticles.

Fig. 4.2 Sensors principle
and operation stages of a
sensing system
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4.4.1 Unmodified Nanoparticles

Unmodified metallic nanoparticle surface has positive charge with flexible high
affinity toward negatively charged ones. This affinity differences offer many advan-
tages; since different sizes and shapes of metallic nanoparticle solution have differ-
ent stability, they give various color signals.

4.4.2 Functionalized Nanoparticles

Nanoparticles can be converted into powerful nanoscale chemo- and biosensors by
functionalizing their surface with specific binding receptors and/or reporter mole-
cules such as nucleic acids, proteins, dyes, and fluorescent tags. In addition, many

Fig. 4.3 Sensing platform for nanomaterial-based chemo- and biosensors
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other specific organic compounds which introduce new functionality will enhance
their selectivity and sensitivity of target molecules.

4.5 Sensing Methods

In general, chemo- and biosensors may be categorized under two types: (i) direct
sensors and (ii) reagent-mediated sensors.

4.5.1 Direct Spectroscopy Sensing

In a direct sensor, the analyte is detected directly via the basic phenomenon;
localized surface plasmon resonance (LSPR) is responsible for the brilliant colors
exhibited by the metal nanoparticles under illumination. Various direct sensor
techniques are widely used, but this chapter exclusively deals with UV-visible and
fluorescence spectroscopic methods and Raman/surface-enhanced Raman spectros-
copy (SERS) measurements.

4.5.2 Reagent-Mediated Sensing

In a reagent-mediated sensing system, the change in analytical response is coming
from the intermediate reagent. For example, analyte concentration is monitored from
the analyte sensitive dye molecule or catalyst. This chapter mainly deals about only
two types of reagent-mediated sensors, namely, colorimetric sensing and electro-
chemical sensors.

4.6 Analytical Techniques and Signals

4.6.1 UV-Visible Absorption-Based Sensors

UV-visible absorption spectroscopy is an important analytical technique for sensor
application, as it offers simple handling, easy interpretation, moderate cost, porta-
bility, and fast analysis of the samples. To design nanomaterial-based sensing
platform for the detection of environmental pollution materials (heavy and biological
essential metal ions) and biomolecules, researchers have utilized the nanoparticle
aggregation- or disaggregation-induced color change that reflects a redshift in the
extinction spectrum (Polavarapu et al. 2014; Zhai et al. 2014). Based on this
principle, simple and rapid colorimetric detection of Cu2+ ions in aqueous medium
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via aggregation of thiomalic acid-functionalized Ag nanoparticles (TMA-AgNPs)
has been developed as shown in Fig. 4.4A (Tharmaraj and Jyisy 2014). A visually
detectable color change from yellow to purple in the presence of Cu2+ ion over other
metal ions was observed (Fig. 4.4B). The aggregation behavior was confirmed by
SEM images of TMA-AgNPs and TMA-AgNPs in the presence of 100 nM, 500 nM,
and 1000 nM Cu2+ which is shown in Fig. 4.4C. TMA-AgNPs can be aggregated
only in the presence of Cu2+ that cause a redshift of SPR band from 392 to 423 nm as
observed in UV-visible spectra (Fig. 4.4D). Sensitivity response of TMA-AgNPs to
Cu2+ was estimated in the concentration ranges of Cu2+ from 0.25 nM to 1000 nM,
and their corresponding UV-visible spectra are shown in Fig. 4.4E. This
chemosensor has excellent selectivity and sensitivity for Cu2+, and the detection
limit is as low as 0.25 nM and also successfully applied for the detection of copper
ion in real water samples.

A simple, selective, and sensitive colorimetric detection of Hg2+ was achieved in
aqueous medium using soaproot plant-stabilized silver nanoparticles by biologically
green synthesis (Farhadi et al. 2012). In the presence of Hg2+, the yellow AgNP
solution was turned to colorless, accompanying the broadening and blueshifting of
SPR band. This sensing method has been applied for real sample analysis, and the
detection limit is as low as 2.2 μM. The selective detection of Co2+ ion on different

Fig. 4.4 (A) Schematic diagram for the interaction of TMA-AgNPs with Cu2+. (B) Photograph of
TMA-AgNPs (0.25 mM) in presence of Cu2+ and various metal ions (500 nM). (C) SEM images of
TMA-AgNPs (a), TMA-AgNPs in the presence of 100 nM (b), 500 nM (c), and 1000 nM (d) of Cu2
+ ions. (D) UV-visible spectra of TMA-AgNPs (0.25 mM) in the presence of Cu2+ and various other
metal ions (100 nM) in aqueous medium. (E) UV-visible spectra of TMA-AgNPs (0.25 mM) upon
addition of Cu2+ from 0.25 to 1000 nM in aqueous medium
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shapes of (nanosphere, nanoplate, and nanorod) glutathione-modified silver
nanoparticles (GSH-AgNPs) is based on aggregation by the formation of chelating
complex between Co2+ ion and COO� groups of glutathione (Sung et al. 2013).
Selective colorimetric detection for Cu2+- and lidocaine hydrochloride (LC-HCl)-
based sensor was developed by the aggregation of homocysteine-functionalized
silver nanoparticles (Dou et al. 2013) that result in the color change from deep
brown to bright yellow, and the SPR intensity characterized at 571 nm was found to
be proportional to the concentration of Cu2+ ions, and the detection limit is as low as
3.2 nM. “Mix-and-detect” rapid virtual colorimetric ultrasensitive detection of Hg2+

ion using label-free cysteamine-capped AgNPs has been developed (Bhattacharjee
and Chakraborty 2014). In the presence of Hg2+ ion, thiophillic Hg2+ would lead to
partial exchange of cysteamine ligand with the detection limit of 275 pM. Some
recent reports for UV-visible absorption method-based sensing systems are listed in
Table 4.1.

4.6.2 Fluorescence-Based Sensors

Fluorescence spectroscopy is one of the most powerful ultrasensitive analytical
techniques when compared to other analytical methods which make the detection

Table 4.1 List of UV-visible absorption-based colorimetric sensors

Nanomaterial probes Analyte Mechanisms
Limit of
detection Linear range References

Tripolyphosphate-
modified AgNPs

Mn2+ Aggregation 0.1 μM 0.05–20 μM Gao et al. (2013)

Ascorbic acid-
capped AgNPs

Cr6
2+ Aggregation 0.5 nM 0.07–1.84 μM Wu et al. (2013)

Dendrimer-stabi-
lized AgNPs

Hg2+ Aggregation 10 ppb 10 ppb–
10 ppm

Yuan et al.
(2013)

Starch-stabilized
AgNPs

Cu2+ Aggregation 0.5 μM 0.1–10 μM Miao et al.
(2013)

Unmodified AuNPs Cysteine Aggregation 0.01 ppm 0.1–0.6 ppm Jongjinakool
et al. (2014)

Valine-capped
AgNPs

Pb2+ Aggregation 30.5 μM 0–100 ppm Priyadarshini
and Pradhan
(2017)

Peptide-capped
AuNP

Ni2+ Aggregation 34 nM 60–160 nM Parnsubsakula
et al. (2018)

Mercaptosuccinic
acid-modified
AuNPs

Cr3+ Aggregation 0.04 μM 0.6–1.4 μM Yu et al. (2017)

Ligand-stabilized
AuNPs

Pd2+ Aggregation 4.23 μM 1–100 μM Anwar et al.
(2018)

Functionalized
AgNPs

Ni2+ Aggregation 0.6 μM 4.0–60 μM Feng et al.
(2017)
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of single molecules. Also this approach provides a limit of detection (LOD¼ 3.3σ/S,
where σ is standard deviation of the response and S is the slope of the calibration
curve) at a signal-to-noise (S/N) ratio for the detection up to parts-per-trillion level
with good precision and accuracy (Wang et al. 2014; Nolan and Lippard 2008).
Design of nanomaterial-based fluorescent sensors for quick detection of targets
molecules has been developed either by fluorescent enhancement (turn on) or
quenching (turn off) that controls the response through both energy and electron
transfer processes (Liu et al. 2014; Jia et al. 2014).

Alginate-stabilized silver nanocubes (AgNCbs) bound to rhodamine 6G (Rh6G)
composite as selective sensor for Hg2+ ion in aqueous solution have been developed
(Tharmaraj and Pitchumani 2011) with the detection limit as low as 0.1 nM. Rh6G
dye molecules bound to AgNCbs surface were observed in quenching the fluores-
cence; when there is presence of Hg2+ ion, bound Rh6G is released from the
alginate-AgNCb surfaces which indicate a large fluorescence restoration with a
concomitant color change from yellow to purple. Ratiometric fluorescence probe is
designed and developed (Niu et al. 2015) by linking with two parts, positively
charged aggregation-induced emission (AIE) organic fluorescence nanoparticles
(OFNPs) as the reference and negatively charged Au nanoclusters (Au NCs) as the
response. This probe can be used to detect Hg2+ and also melamine, since red
fluorescence of Au NCs can be quenched by mercury ions and recovered by
melamine, due to the strong affinity between metallophilic Hg2+–Au and Hg2+–N.
This dual-emission ratiometric fluorescence probe has good biocompatibility; hence
it is applicable for biological imaging and detection.

Thiol-DNA-functionalized gold nanoparticles (AuNPs) as a simple fluorescence
spectrometric sensor for Hg2+ detection in aqueous solution were developed (Wang
et al. 2015). Hg2+ is selectively induced conformational change of single-stranded
DNA (ssDNA) with an enhanced fluorescence resonance energy transfer (FRET)
process between the energy donor (fluorescein, FAM) and the energy acceptor
(AuNPs). The assay enables the detection limit as low as 8 nM and also applied to
monitor Hg2+ in tap water samples. Noncross-linking aggregation of
fluorosurfactant-capped silver nanoparticles for colorimetric sensing of cysteine
was developed (Chen et al. 2014). High specificity toward cysteine was observed
as the nonionic fluorosurfactant ligand thiol-silver interaction prohibited the binding
of other functional groups on the surface of AgNPs. This sensing probe can be
successfully applied for the determination of cysteine in human urine and plasma
samples with the detection limit as low as 0.05 μM.

Dansyl fluorophore-functionalized thiol-stabilized AgNPs containing
2-aminothiophenol units with excellent selective binding sites for Cu2+ ion were
developed, and energy transfer (ET) from the dansyl moiety to the copper complex
occurs that causes the fluorescent ratiometric response as seen in Fig. 4.5A
(Tharmaraj and Pitchumani 2013). High-resolution transmission electron micros-
copy (HRTEM) images of highly dispersed thiol-stabilized silver nanoparticles, 2D
lattice fringe spacing image, and selected area electron diffraction (SAED) pattern
are shown in Fig. 4.5B(a-d). The particle size and lattice fringes of AgNP were
5.5 nm and 0.2 nm, respectively. The lattice planes of nano silver were observed in
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SAED pattern. Selectivity of fluorescent ratiometric response for the decrease in
fluorescence at 497 nm and an increase in fluorescence at 410 nm with an
isoemissive point at 445 nm was favored only in the presence of Cu2+ ions, whereas
other metal ions led to no fluorescence ratiometric change as seen in Fig. 4.5C.
Sensitivity response of dansyl-AgNPs to Cu2+ was evaluated in the concentration
ranges of Cu2+ from 0.5 nM to 0.5 μM, and their corresponding fluorescence spectra
is shown in Fig. 4.5D.

Some recent reports for fluorescence method-based sensing systems are listed in
Table 4.2.

4.6.3 Raman/Surface-Enhanced Raman Spectroscopy
(SERS) Sensors

Raman spectroscopy is one of the important analytical techniques used in the field of
sensors for identification of specific molecules. But traditional Raman spectroscopy
has very poor efficiency of inelastic scattering processes with relatively weak signal.
In recent years these problems are overcome by developing advanced method like

Fig. 4.5 (A) Schematic diagram proposed binding mechanisms for dansyl-AgNPs with Cu2+ ion.
(B) (a), (b) HRTEM images of highly dispersed thiol-stabilized AgNPs. (c) The 2D lattice fringes of
HRTEM image. (d) Selected area diffraction pattern is showing the corresponding planes. (C)
Fluorescence spectra of dansyl-AgNPs (1 mg mL�1) in the presence of Cu2+ and various other
metal ions (0.5 μM). (D) Fluorescence spectra of dansyl-AgNPs (1 mg mL�1) upon addition of Cu2
+ from 0.5 nM to 0.5 μM
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surface-enhanced Raman spectroscopy (SERS). In SERS, the target molecule is
brought into close proximity to a metallic (typically Ag, Au, or Cu) surface with
nanoscopically defined features or in solution next to a nanoparticle with a diameter
much smaller than the wavelength of the excitation light.

Silver nanoparticle decorated on filter paper as a highly sensitive surface-
enhanced Raman scattering (SERS) substrate was fabricated for detection of tyrosine
in aqueous solution (Cheng et al. 2011) with the detection limit as low as 625 nM.
The Raman labels to use for detection of protein and protein concentration assay
were developed (Han et al. 2010) which uses the SERS signal of Coomassie Brilliant
Blue dye adsorbed nonspecifically to silver colloids for monitoring the total protein
concentration.

Silver nanoparticles decorated on a cylindrical support was developed
(Rajapandiyan et al. 2011) for the detection of melamine in milk liquid and powder
samples by surface-enhanced Raman spectroscopy (SERS) technique. Figure 4.6A
illustrates the detection procedures in the cylindrical SERS substrate. Cylindrical
SERS substrate was prepared by decoration of silver nanoparticles (AgNPs) on a
solid support of polymethyl methacrylate (PMMA) rod by silver mirror reaction.
SEM images show the PMMA surface roughness was increased after treating with
PVDF solution. Also, the size of the formed AgNPs was around 200 nm in diameter
with the Raman spectra of solid melamine and SERS spectra of melamine as shown
in Fig. 4.6B. Sensitivity response of AgNP cylindrical substrate to the melamine

Fig. 4.6 (A) Schematic diagram of SERS detection of target molecules using droplet-based
method. (B) SEM images of bare PMMA rod (a), PVDF-coated rod (b), and AgNPs decorated on
PVDF-coated rod (c). Raman spectra of solid melamine and SERS spectra of melamine in water
(400 ppb) detected by cylindrical substrate (d). (C) SERS spectra of melamine in milk liquid at 0, 5,
15, 50 and 125 ppm
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concentration ranges was tested up to 125 ppm, and their corresponding SERS
spectra are shown in Fig. 4.6C.

Some recent reports for SERS method-based sensing systems are listed in
Table 4.3.

4.6.4 Electrochemical-Based Sensors

Electrochemical methods have been used extremely in analysis of biological and
environmental interest compounds due to their advantages such as quick response,
wide linear dynamic range, simplicity, reliability, reproducibility, inherent miniatur-
ization, low cost, low-power requirements, and high selectivity and sensitivity. The
type of electrical signal used for quantitation distinguishes the various electroana-
lytical techniques. For example, in case of voltammetry, the current is measured as a
function of changing potential that can be applied in different ways (linear, cyclic,
anodic stripping voltammetry). Amperometric measurements are performed by
maintaining a constant potential at the working electrode with respect to reference
electrode and measuring the generated current. The generated potentials or currents
are related to the contents of analyte in the test solution (Zoski 2007). The
researchers first tried to detect compounds using carbon and metal electrodes without

Table 4.3 List of SERS sensors based on nanomaterials

Nanomaterials probes Analyte
Limit of
detection References

Silver nanoparticles Rhodamine 6G Single
molecule

Nie and Emery
(1997)

Au electrode Adenine 0.01 pM Cho et al. (2009)

Au-SiO2 core-shell NPs Nile blue A, toluidine
blue O, and methylene blue

NA Fernandez-
Lopez et al.
(2009)

Ag-Au core-shell NPs Adenosine triphosphate,
hemoglobin, and myoglobin

NA Kumar et al.
(2007)

Star-shaped AuNPs 1-Naphthalenethiol, Alexa
Fluor 750, and phenol

NA Rodriguez-
Lorenzo et al.
(2010)

AgNPs Yeast cells W303-1A Subcellular
level

Sujith et al.
(2009)

Au-Ag core-shell NPs on
Fe3O4 hybrid nanospheres

4-Aminothiophenol NA Guo et al.
(2009a, b)

TiO2 NPs 4-Mercaptobenzoic acid 0.1 μM Yang et al.
(2009)

AuNPs 2,4,6-TNT <1 � 10�10 g

Au-Ag core-shell NPs on
multiwalled carbon nanotube

Adenine and
4-aminothiophenol

NA Guo et al.
(2009a, b)
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any chemical modification. But the problems such as oxidation or reduction occur at
high over potential, suffer from interferences and kinetically sluggish. Therefore, the
development of electrochemical sensor based on chemically modified electrodes for
estimating biologically important compounds is a rapidly growing area of electro-
chemistry to overcome the problems associated with bare electrodes. Particularly,
the chemically modified electrodes have been fabricated using nanomaterials such as
metal nanoparticles, metal oxide nanomaterials, and carbon nanomaterials.

Silver nanoparticles incorporated within the mesoporous silicate framework of
zeolite Y-modified glassy carbon electrode-based electrochemical sensor were
developed for the simultaneous detection of dopamine (DA) and uric
acid (UA) (Meenakshi et al. 2016). The oxidation of DA and UA was obtained at
þ0.31 V and þ0.43 V (vs. Ag/AgCl) using AgNPs/Zeo-Y/GCE under the optimum
experimental condition. A well-resolved peak potential window (~120 mV) for the
oxidation of both DA and UA was observed at AgNPs/Zeo-Y/GCE system. This is
due to the strong electrostatic interaction between the positively charged DA and
negatively charged silver nanoparticles embedded in zeolite Y which facilitates the
electron transfer process is favorable and the oxidation peak potential of DA is
resolved against UA. The detection limits of DA and UA were found to be
1.6 � 10�8 M and 2.51 � 10�8 M in the linear range of 0.02 � 10�6 to
0.18 � 10�6 M (R2 ¼ 0.9899) and 0.05 � 10�6 to 0.7 � 10�6 M (R2 ¼ 0.9996)
by using differential pulse voltammetry (DPV) method.

The electrochemical oxidation of paracetamol (PAR) and caffeine (CAF) using
nickel hexacyanoferrate-decorated titanium nanotube (TNT)-modified glassy carbon
electrode was developed (Fig. 4.7A) (Devi and Pandian 2014). The SEM image of
TNT shows the formation of tube-like structure with the external diameter of
10–80 nm ranges and several micrometers in length. The TEM image shows that
the TNT wall consists of two layers with an average external diameter of 28 nm.
After surface modification with NiHCF, the size and shape of TNT become
expanded with the uniform deposition of NiHCF on both inner and outer surfaces
(Fig. 4.7B). DPV experiment was carried out for the simultaneous detection of PAR
and CAF with well-separated peak potentials. The determination of PAR has been
done separately in the concentration ranges of 1.3–10.7 μM with the solution
containing 6 μM CAF (Fig. 4.7C). Similarly, the determination of CAF has been
studied in the concentration ranges of 7.3–18.7 μM in presence of PAR at a fixed
concentration of 1.3 μM (Fig. 4.7D). The detection limits of PAR and CAF are found
to be 29.5 and 18.2 nM, respectively. Some recent reports for electrochemical
method-based sensing systems are listed in Table 4.4.
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Fig. 4.7 (A) Mechanisms for the oxidation of paracetamol and caffeine at NiHCF/TNT@GCE. (B)
FE-SEM and HR-TEM images of TNT (a and c) and NiHCF/TNT (b and d). (C) DPV of
CS-NiHCF@TNT/GCE at concentration of PAR (a–h, 1.3–10.7 μM) and 6 μM of CAF. (D)
DPV of CS-NiHCF@TNT/GCE at concentration of CAF (a–i, 7.3–18.7 μM) and 1.3 μM of
PAR. The inset shows the calibration plot

Table 4.4 List of electrochemical sensors based on nanomaterials

Nanomaterial probes Analyte Method
Limit of
detection References

CS@PPY/CS2 Hg2+ DPV 1.8 μM Devi et al. (2014)

DNA-SWCNT Pb2+ DPV 0.4 nM Lian et al. (2014)

AgNPs-GO As3+ SW-
ASV

0.24 nM Dar et al. (2014)

Aptamer-AuNPs Cu2+ SWV 0.1 pM Noroozifar et al.
(2011)

NiHCF@TiO2/GCE Nitrites DPV 0.11 μM Sophia et al. (2012)

Ag nanostructure/gold
electrode

Ascorbic
acid

DPV 0.01 mM Zheng et al. (2013)

Au/Pt/Pd/TiO2 NTs Dopamine DPV 0.03 μM Mahshid et al.
(2011)

Manganese vanadate
nanorods/GCE

Cysteine CV 0.026 μM Pei et al. (2013)
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4.7 Conclusions

Remarkable progress in the development of simple and efficient methods for sensing
of chemical and biomolecules utilizing nanomaterials has been made over the past
several years. The successful development of sensors with high selectivity and
sensitivity for specific, toxic, heavy/biologically essential metal ions and biomole-
cules to detect in real-time monitoring was clearly demonstrated. In this chapter, we
believed that most promising results and remarkable sensing system in terms of high
selectivity and sensitivity have been discussed. However, many of the absorption-
and fluorescence-based sensing systems were operated in aqueous medium, and
some other system using nonaqueous solvents was applied for real sample analysis.
Fluorescence sensors based on surface-functionalized nanomaterials have been
widely used in biological and environmental sample analysis, due to their high
sensitivity, low cost, and commercial availability. SERS technique has great promise
for chemical and biosensing applications based on design of paper, and also fiber-
based SERS active substrates have very high surface area with flexibility for efficient
analysis of biological live samples. Electrochemical techniques are coupled with
nanomaterials that have been used for the development of electrochemical sensors.
The attractive design and fabrication of nanomaterial-based electrochemical sensing
systems can offer a highly selective increase in sensitivity and reproducibility. Most
of the sensing systems with a very low detection limits (in the range of ppb) were
thus achieved and applied for the real sample analysis.
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Abstract In the last few decades, there has been a significant escalation in the level
of toxic heavy metals in water bodies due to their exponential industrial usage. These
hazardous water and soil pollutants have been broadly investigated for their serious
effects on human health and other life systems, and their lethal concentrations have
been reviewed by well-established international bodies, including the WHO and US
EPA. Therefore, efficient remediation of toxic heavy metals from wastewater repre-
sents a major burden for the environmentalists. Amongst other numerous techniques
reported for that purpose, adsorption technology has been established as one of the
conventional and promising procedures for effective application at relatively low
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cost. Recent data show that conducting polymers and their functionalised derivatives
as adsorbents have received substantial attention for As(III), As(V), Cr(VI), Pb(II),
Zn(II), Hg(II) and Cu(II) remediation from polluted streams (i.e. industrial effluents,
mine wastewaters, landfill leachate and groundwater). The common goal of the
research behind these fascinating adsorbents is to develop supported nanostructures
with enhanced performance for wastewater treatment systems. Nanostructured mate-
rials of different shape and morphology exhibit better performance in environmental
remediation than their macromolecular counterparts, owing to large surface area
associates with high surface reactivity. The current chapter reviews the synthesis and
adsorption studies (isotherm, kinetics, maximum capacities and thermodynamics) of
recently reported nanostructured conducting polymer-based materials for treatment
of As(III)-, As(V)-, Cr(VI)- and Hg(II)-contaminated water medium.

Keywords Conducting polymer nanocomposites · Heavy metal ions · Wastewater
treatment · Adsorption kinetics · Adsorption isotherms · Adsorption
thermodynamics · Breakthrough adsorption modelling

5.1 Introduction

Environmental pollution has become a solemn problem affecting human health and
other life systems, as a result of the exponential development of industries and
technologies (Meena et al. 2018; Huang et al. 2018; Eyrikh et al. 2017). Healthcare
services in developed as well as underdeveloped countries are struggling under the
rise of diseases associated with water pollution (Akpalu and Normanyo 2017). This
hypothetically avoidable situation is surely evolving into a global disaster. Safe
water paucity is now seen as a critical challenge. Owing to the variations in natural
and anthropogenic activities that lead to adulteration of both terrestrial and aquatic
ecosystem with toxic heavy metals and metalloids, approximately 80% of the world
population is at serious risk from threats to water security (Vӧrӧsmarty et al. 2010).
Uncontrolled discharges of untreated sewage and industrial wastewater as well as the
use of fertilizers and agricultural pesticides are some of the major contributors. In
that regard, existing freshwater resources are progressively becoming polluted and
unavailable. In a remedial action, the hazardous heavy metals of greatest concern
consist of arsenic, chromium, mercury, cadmium, nickel, lead, zinc and copper.

Significant efforts have been made to remove or reduce the level of heavy metals
to allowable limits in the environment. Traditional methods that have been employed
include biological treatment, reverse osmosis, extraction, precipitation, dissolved air
flotation, sedimentation, electrolysis, membrane filtration, ion exchange and many
more (Santhosh et al. 2016; Adeleye et al. 2016). However, most of these approaches
are plagued with numerous limitations that impede their practical and effective
application. Production of sludge as secondary pollutant in precipitation, limited
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potential in biological treatment, high-energy requirements in membrane filtration,
sophisticated equipment in dissolved air flotation and high operational costs in
electrolysis can be mentioned. Adsorption technology, on the other hand, has
often been regarded as a relatively superior process owing to the simple design,
ease of operation and cost-effectiveness (Ali et al. 2016; Burakov et al. 2018; He
et al. 2016; Zhou et al. 2015; Yu et al. 2012).

A variety of materials are reported in the literature for heavy metal adsorption,
and these comprise biomaterials, industrial wastes, activated carbon, clay minerals,
zeolites, metal oxides and conducting polymer-based nanomaterials (Sud et al. 2008;
Nguyen et al. 2013; Ahmed and Ahmaruzzaman 2016; Wong et al. 2018; Uddin
2017; Reeve and Fallowfield 2018; Zare et al. 2018). Conducting polymers, as
highly π-conjugated polymeric systems, have established themselves as suitable
materials for potential application in water treatment. These conjugated organic
materials, also identified as synthetic metals, exhibit vast surface area, high conduc-
tivity, outstanding optical properties, unique electrochemical characteristic and
remarkable biocompatibility (Nguyen and Yoon 2016). Moreover, their synthetic
ease, nontoxicity, relatively low cost as well as modifiable surface chemistry are of
particular attention. Because of the presence of heteroatom with good affinity
towards heavy metals in their chemical structure, polypyrrole (PPy), polyaniline
(PANI) and polythiophene (PTh) appear to be the most promising candidates for the
adsorption of metal cations (Balint et al. 2014). Conducting polymer surface mod-
ification with appropriate organic or inorganic constituent serves as a means for
further enhancing their valuable properties, providing the prospect to tailor the
materials for a particular application (Hackett et al. 2017).

Parameters that influence the adsorption efficiency of heavy metals on to
conducting polymer-based nanostructure materials include solution pH, contact
time, adsorbent dose, temperature and initial concentration in batch mode as well
as flow rate, bed height and initial pollutant concentration with regard to column
dynamic study.

Solution pH directly influences speciation of ions in solution, surface charge and
complexation of adsorbent during sorption. Change in pH denotes variation of H+

and OH� present in the test solution. These ions can easily interact with the
adsorbent and thereby impact the adsorption efficiency. Contact time, on the other
hand, is a factor directly affecting the kinetics of adsorption as it assists in
establishing the likely speed of diffusion and binding at the surface of the material.
Generally, metal ion removal is high at longer contact time up until equilibrium. The
adsorbent dose makes provision of the ability of a metal to be adsorbed with the least
quantity of the adsorbent at a particular operating condition. An increase in adsor-
bent dose results in increased active adsorption sites, hence improved in adsorption
capacity. Further, a decrease in temperature is usually accompanied with a decline in
heavy metal adsorption onto the adsorbent.

The main focus of this chapter is to review the recent developments in the
synthesis, characterization and sorption performance of hybrid conducting
polymer-based nanostructured materials for the remediation of selected toxic metal
cation As(III)-, As(VI)-, Hg(II)- or Cr(VI)-contaminated water under various
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experimental conditions. The mechanism involved during the adsorption process is
also highlighted.

5.2 Synthesis and Modification of Nanostructured
Conducting Polymers

Numerous techniques including template-based, template-free and electrospinning
processes have been reported for the synthesis of nanostructured conducting
polymer.

Template-based synthesis of nanostructured materials entails three main steps,
namely, preparation of the template, synthesis of the target material with the
prepared template and removal of the template. Hard template is the most frequently
used approach for the preparation of conducting polymer nanostructure. This tech-
nique requires porous membrane that ushers the growth of nanostructure within the
pores, resulting in controlled size and morphology of the prepared material. Tem-
plates such as polyester, polycarbonate and anodic aluminium oxide membranes
have been employed for the fabrication of PPy and PANI nanostructures (Ghosh
et al. 2016; Esman and Lellouche 2010). Moreover, materials such as nanoporous
zeolites and mesoporous silica and carbons have also been identified to serve as host
in a guest–host inclusion process for the synthesis of conducting polymers with well-
defined structure (Chen et al. 2018; Li et al. 2018). For example, in their interest for
cyclodextrin structure, Gu and co-workers achieved the synthesis of controlled
rectangle- or square pore-shaped PANI nanotubes via solution polymerization of
aniline (ANI) in the presence of β-cyclodextrin (Gu et al. 2014). The obtained
powder was thoroughly washed with ethanol to get rid of the template.
β-Cyclodextrin is a hydrophilic seven-membered molecule with hydrophobic cavi-
ties. Relatively low concentration of aniline monomer and β-cyclodextrin generated
the square pore-shaped nanostructures.

Soft template, usually described as relatively cheap and simple technique for the
fabrication of nanostructured conducting polymers, is based upon a self-assemble
process. Selective control of noncovalent bonding interactions such as hydrogen
bonding, π-π stacking, metal-ligand coordination and Van der Waals forces during
the polymerization process can also serve as systematic procedure for preparation of
nanostructured particles with specific geometry (Sommer et al. 2015). Chemical
oxidative polymerization in the presence of adsorbed surfactant molecules as well as
chiral dopant organic acids has been reported for the synthesis of PPy and PANI
nanostructures. For example, Zhang et al. reported the synthesis of nanostructured
polypyrrole with ribbon-, wire- and sphere-like morphologies by solution chemistry
methodology using surfactants (Zhang et al. 2006). Nonionic poly(ethylene glycol)
mono-p-nonylphenyl ether or cationic short-chain octyltrimethylammonium bro-
mide yielded PPy nanoparticles with spherical morphology. Cationic
cetyltrimethylammonium bromide or dodecyltrimethylammonium bromide as
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long-chain aliphatic surfactant, on the other hand, afforded the wire- and ribbon-like
nanostructures. The use of anionic sodium dodecyl sulphate generated undefined
geometrical nanofeature. Dai and Lu reported the use of fibrillar methyl orange for
the synthesis of PPy as well as PANI nanotubes (Dai and Lu 2007). Likewise, the
acid red 1 dopant in place of fibrillar methyl orange afforded the rectangular-
sectioned PPy nanotubes (Yan and Han 2007). Swollen liquid crystals, obtained
through mixing of either sodium dodecyl sulphate or cetyltrimethylammonium
bromide with aniline hydrochloride followed by the addition of cyclohexane and
1-pentanol, yielded PANI particles with morphology that depends on initiator and
mesophase reaction mode (Dutt and Siril 2014). Mixing mode afforded spherical
morphology, while diffusion approach generated rod-like shape. Chiral organic
acids have also been reported as soft templates for the synthesis of PPy and PANI
nanofibres. Yan et al. reported the fabrication of PANI nanofibres with helical
conformation using D- and L-camphorsulphonic acid (CSA) enantiomers (Yan
et al. 2007). CSA acted to prevent overgrowth and induce optical activity of the
PANI fibres. Clockwise and anticlockwise helical configurations were accomplished
in the presence of D-CSA and L-CSA, respectively. However, taking into consider-
ation that the complete removal of template after polymerization process in template-
based synthesis remains a key challenge, template-free procedures have equally
attracted considerable interest and are discussed below.

A facile chemical technique to obtain pure polyaniline nanofibres without the
need for any template has been reported using aqueous/organic interfacial polymer-
ization (Huang and Kaner 2004). In this case, the reactants (ANI monomer and
oxidant) are both dissolved in immiscible solvent system, and the oxidative poly-
merization occurs only at the interface between the solvents, leading to nanofibres
with relatively identical diameters. Although the solvent interface does not directly
affect the formation of nanofibres, it assists in avoiding overgrowth of the already
formed nanofibres. Another template-free approach for the fabrication of PANI
nanofibres (Fig. 5.1) is the self-assemble strategy through rapid-mixing polymeriza-
tion. Monomer and initiator are forced to consume instantly for primary nanofibre
growth, exclusively (Deng et al. 2017; Bhaumik et al. 2016a, b). In a different type

Fig. 5.1 SEM images of synthesized pure PANI nanofibres (a) and PPy (b)
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of study, Wang et al. equally developed a template-free and site-specific electro-
chemical polymerization methodology to fabricate individually addressable PANI
nanowires on microelectrode junctions (Wang et al. 2004). Electrospinning is a
nanofibre fabrication technique that makes use of high voltage to charge the surface
of a polymer solution and hence instigate the ejection of liquid jet through a small
orifice. The nanofibre size prepared using this method can be controlled by changing
the following parameters: voltage, flow rate, solution conductivity, size of the orifice
and distance between the orifice and the collector. Electrospinning has been
employed to synthesize continuous conductive PPy and PANI nanofibres with
uniform morphology and physical stability (Moutsatsou et al. 2015).

Conducting polymer functionalization can also improve their valuable properties
further. These hybrid materials have attracted significant research interest in the field
of environmental remediation owing to their distinctive physicochemical properties
that the individual constituents do not display. PPy matrix modification with clay
minerals or their organically modified derivatives, for example, was achieved in situ,
through polymerization of monomer pyrrole (Py) with dispersed clay or modified
clay particles, and found to exhibit high adsorption capacity towards Cr(VI) in batch
study (Ballav et al. 2014; Setshedi et al. 2013). Graphene oxide dispersion, on the
other hand, afforded highly active PPy-graphene oxide nanocomposite with impres-
sive performance regarding Cr(VI) uptake both in batch and column dynamic studies
(Setshedi et al. 2015). Graphene oxide is a monomolecular sheet-bearing oxygen
functional group such as hydroxyl, carboxyl and epoxide at the edges. Next, taking
into consideration the ability of cyclodextrins to self-assemble with various pollut-
ants via inclusion complexation (Chen and Jiang 2011), Chauke and co-workers
reported the oxidative synthesis of PPy functionalized with both graphene oxide and
α-cyclodextrin (Chauke et al. 2015). Moreover, anion and cation containing nano-
structured materials possessing high ion-exchange proficiency have also captivated
significant consideration (Asiabi et al. 2017). Zwitterionic glycine-doped PPy
(Fig. 5.2A), for example, was fabricated by chemical oxidative polymerization of
Py in the presence of glycine and reported as highly efficient material for the uptake
of toxic chromium(VI), more so than PPy homopolymer (Ballav et al. 2012).
Similarly, with the purpose of improving only the anionic exchange potential of
PPy for Cr(VI) adsorption, incorporation of 2,5-diaminobenzene sulphonic acid
(DABSA) during polymerization process has been reported as shown in Fig. 5.2B

Fig. 5.2 SEM images of glycine- (a) and DABSA- (b) modified PPy; Fe0- deposited PANI
nanocomposites (c)
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(Kera et al. 2016). Sulphur-containing entities are also well employed as dopant for
mercury-selective adsorption as a result of strong metal-ligand complex stability
(Ballav et al. 2018; Das et al. 2017a, b, c; Oveisi et al. 2017).

Furthermore, incorporation or deposition of inorganic nanoparticles such as
carbon nanotube, Fe3O4, Fe

0 and SiO2 onto conducting polymer supports has been
found to increase their chemical, thermal and mechanical stabilities (Ng et al. 2013;
Ghaemi and Daraei 2016; Zare et al. 2018). The resultant nanocomposites have also
revealed superior adsorption capacities as well as better selectivity for toxic heavy
metal remediation (Peng et al. 2017; Kumar et al. 2013; Burakov et al. 2018). For
example, Das and co-workers reported the synthesis of PANI/Fe0 nanocomposite
(see Fig. 5.2C) via reductive insertion of nanosized iron zero onto support of PANI
nanofibres (Das et al. 2017a, b, c). FeCl2/FeCl3 by-products were used as source of
Fe0 in the presence of sodium borohydride. The as-prepared adsorbent demonstrated
As(V) removal efficacy of up to 99.9%. In a cognate study, PPy- and PANI-
maghemite nanocomposites were fabricated through in situ polymerization of Py
and aniline monomers with γ-Fe2O3, obtained by FeCl2/FeCl3 chemical
co-precipitation (Chávez-Guajardo et al. 2015). These maghemite nanomaterials
were found to act as efficient adsorbent towards Cu(II) and Cr(VI) species from
aqueous solution. Aigbe and co-workers described the synthesis of PPy magnetic
nanocomposite with fast adsorptive capacity towards Cr(VI) ions in unsteady elec-
tromagnetic field, through Py polymerization with Fe3O4-suspended nanoparticles
(Aigbe et al. 2018). The BET surface area increased after incorporation of Fe3O4

nanoparticle on to the PPy matrix as illustrated in Fig. 5.3. Magnetism is a distinctive
physical property that was established recently to ease the treatment of water by
directing the adsorbate pollutant orientation towards the adsorbent pores. Magnetic
field meaningfully impacts the size distribution of the nanoparticles as well as the

Fig. 5.3 BET surface area
of PPy and PPy/Fe3O4
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zeta potential in sorption process (Zaidi et al. 2014). Ternary PPy graphene/SiO2

adsorbent prepared by chemical polymerization of pyrrole in dispersed silica-
intercalated graphene nanocomposite, developed using a sol-gel procedure, was
reported to exhibit high surface area as well as prodigious Cr(VI) removal ability
(Fang et al. 2018). PPy-decorated Fe3O4/reduced graphene oxide nanoparticles
(PPy-Fe3O4/rGO) were synthesized by in situ polymerization of pyrrole monomer
in hexadecyltrimethylammonium bromide solution containing Fe3O4/rGO
nanoparticles generated using post-oxidation methodology (Wang et al. 2015).
Comprehensive assay on the uptake of Cr(VI) using PPy/Fe3O4/rGO in batch
adsorption mode revealed that this ternary hybrid nanocomposite performed much
better than the binary Fe3O4/rGO sub-nanocomponent.

5.3 Separation of Toxic Pollutants from Water Through
Adsorption Process

Adsorption process involves the transfer and adhesion of ions, atoms or molecules of
the adsorbates to the surface sites provided by an adsorbent. The adsorbent surface
binds the upcoming adsorbate molecules through physical adsorption
(physisorption) and/or chemical adsorption (chemisorption). Physisorption mainly
takes place through driven forces like hydrogen bond, Van der Waals forces, static,
dipole-dipole and π-π interactions (Kim and Lee 2014; Li et al. 2005; Cao et al.
2012). In chemical adsorption, pollutants get accumulated through chemical bonds
at the surface of the adsorbent due to electron exchange. Adsorption being a surface
phenomenon, the extent of the process is built upon the surface characteristics of the
adsorbent, and these include charges, particle size and molecular structure (Jia et al.
2002; Chen and Lin 2001). In adsorption technology, the removal of pollutant by
solid adsorbent is typically addressed either in batch or column mode. These are
detailed in the next sections.

5.3.1 Batch Adsorption Technique

In batch operation experiment, a fixed quantity of solid adsorbent is mixed all at once
with a definite amount of adsorbate-containing solution. The adsorbate-adsorbent
system is kept in agitation for a certain period of time on a thermostated orbital
shaker (Ghorai et al. 2014; Bhaumik et al. 2014a, b; Patra et al. 2017). As the
adsorption progresses, an equilibrium adsorption stage is attained between solute
adsorbate in solution and adsorbent. The separation of subsequent solution is
accomplished either by filtration or centrifugation. The adsorbate concentration at
the end is determined through UV-Vis spectrophotometer or ICP-MS techniques
(Xiong et al. 2013; Wang et al. 2014a, b). Numerous adsorption parameters includ-
ing solution pH, experimental temperature, adsorbent dose, adsorbate concentration
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and contact time are varied to acquire the ideal adsorption conditions. The adsorption
capacity (% removal) for the subtraction of pollutants from aqueous medium is
calculated following eq. (5.1). The quantity of adsorbed metal cations over adsorbent
mass at equilibrium (qe) and at any time t (qt) is calculated through the following eqs.
(5.2) and (5.3), respectively (Liu et al. 2015; Zhang et al. 2017).

Adsorption efficiency ¼ C0 � Ce

C0
� 100 ð5:1Þ

qe ¼ C0 � Ceð Þ � V

m
ð5:2Þ

qt ¼ C0 � Ctð Þ � V

m
ð5:3Þ

The solution concentrations initially at time t and at equilibrium time are represented
as C0, Ct and Ce (mg/L), respectively. V (L) and m (g) denote the volume of
adsorbate solution and the amount of adsorbent used. The duration of contact time
of solid/liquid in adsorption predicts the rate of uptake of the solute pollutants from
liquid medium.

Adsorption Kinetics
The affinity between the initial adsorbate concentration and the adsorption rate has
been established to explore the adsorption mechanism as well as the rate-
determining steps. Kinetics study is regularly performed by taking different initial
concentrations of adsorbate solution at fixed pH, temperature and adsorbent dosage
(Das et al. 2017a, b, c). After a certain time interval, an aliquot is taken, and the
outstanding adsorbate concentration is measured. Aiming to elucidate the rate of
adsorption and rate-determining step of adsorbate onto the adsorbent surface with
respect to time, adsorption kinetic models including the pseudo-first-order
(Legergren 1898), pseudo-second-order (Ho and McKay 1999), second-order
(Ho 2006) and intraparticle diffusion (Weber and Morris 1963) are frequently
applied.

The integrated mathematical linear forms of Legergren pseudo-first-order, Ho and
McKay pseudo-second-order and Ho second-order kinetic models are articulated
using Eqs. (5.4), (5.5) and (5.6), respectively.

log qe � qtð Þ ¼ logqe �
K1

2:303
t ð5:4Þ

t

qt
¼ 1

K2q2e
þ t

qe
ð5:5Þ

1
qe � qtð Þ ¼

1
qe

þ K3t ð5:6Þ
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qe and qt (mg/g) represent the quantity of uptake adsorbates at equilibrium and time t,
respectively. K1 (min�1), K2 (g/mg.min) and K3 (g/mg.min) are the pseudo-first-
order, pseudo-second-order and second-order rate constant, respectively. In pseudo-
first-order, the rate constants and adsorption capacities are obtained from the linear
graph of log(qe-qt) against t. However, pseudo-second-order and second-order
kinetics parameters are determined using the graphs of t/qt against t and 1/(qe-qt)
against t, respectively.

Moreover, to figure out the probability of intraparticle diffusion of adsorbed metal
ions, Weber and Morris have introduced the intraparticle diffusion (IDP) model
transcribed by the following expression (Weber and Morris 1963):

qt ¼ Kidt
1=2 þ C ð5:7Þ

where kid (mg/g.min1/2) represents the IDP constant, which can be obtained from the
slope of the graph qt vs t1/2, and C is a constant related to the thickness of the
boundary layer.

Adsorption Isotherm
The equilibrium adsorption isotherm predicts the adsorbent-adsorbate interaction
and the mathematical relation of the amount (mg) of adsorbates uptake per gram of
adsorbent to the solution concentration at a constant temperature (Afkhami and
Moosavi 2010; Ghaedi et al. 2014). Therefore, to understand the interaction between
adsorbate and adsorbent, it is necessary to correlate the experimental adsorption data
with some well-known adsorption isotherm models. The obtained equilibrium
adsorption data are frequently fitted into well-known adsorption isotherm, namely,
the Langmuir and Freundlich (Langmuir 1918; Freundlich 1906). Langmuir iso-
therm is based on the physical supposition that the adsorbent surface has a fixed
number of equivalent active sites and the maximum adsorptive capacity consists of a
monolayer process (Langmuir 1918; Reed and Matsumoto 1993) and can be
expressed as:

qe ¼
b:Q0:Ce

1þ b:Ce
ð5:8Þ

where Ce (mg/L) stands as the equilibrium adsorbate concentration and qe (mg/g)
denotes the quantity of adsorbed adsorbate. Q0 (mg/g), the Langmuir constant,
signifies the maximum monolayer adsorption capacity, and b (L/mg) value connects
to the energy of adsorption. The linearized Langmuir equation is given as follows:

Ce

qe
¼ 1

b:Q0
þ Ce

Q0
ð5:9Þ

Q0 and b values are estimated from the slope and intercept of the plot of Ce/qe
against Ce.
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The separation factor of the Langmuir adsorption isotherm RL is an essential
feature to determine the favourability and applicability of an adsorption process
(Hall et al. 1966). The equation can be expressed as:

RL ¼ 1
1þ b:C0

ð5:10Þ

where C0 (mg/L) is the initial adsorbate concentration and b is the Langmuir
constant. The type of isotherm strongly correlates with obtained RL values. Values
within the range 0 < RL < 1 for each of the different initial concentrations indicate
favourable adsorption, whereas RL¼ 1, RL¼ 0 and RL > 1 suggest linear, irreversible
and unfavourable adsorption process, respectively.

The Freundlich isotherm model is employed for the description of reversible and
complex adsorption process. It assumes that the binding sites on the surface of the
adsorbent are occupied by adsorbate in multilayer adsorption manner, and this model
is represented as follows:

qe ¼ KFCe
1=n ð5:11Þ

The linearized Freundlich model can be represented as the logarithms of
Eq. (5.11).

ln qe ¼ lnK f þ 1
n
lnCe ð5:12Þ

where KF and n are the constants associated to the adsorption capacity and intensity
of adsorption, respectively, and their values can be acquired from the slope and
intercept of the graph lnqe against lnCe. The higher the Kf value, the greater will be
the adsorption efficiency. Moreover, n values within the range 0 and 10 indicate
favourable adsorption process (Gong et al. 2011; Meng et al. 2015).

Adsorption Thermodynamics
The amount of pollutants adsorbed on the adsorbent surface depends upon the
temperature of the adsorption medium. Thermodynamic variable characteristics
including the Gibbs free energy change (ΔG), change in enthalpy (ΔH) and change
in entropy (ΔS) of the adsorption experiments are determined using the following
equation (Tang et al. 2015; Attallah et al. 2016):

ΔG0 ¼ �RTlnK ð5:13Þ
ΔG0 ¼ ΔH0 � TΔS0 ð5:14Þ

K ¼ qe
Ce

ð5:15Þ
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lnK ¼ ΔS0

R
� ΔH0

RT
ð5:16Þ

where K, R, T (K), qe (mg/g) and Ce (mg/L) symbolize the equilibrium constant, the
universal gas constant (8.314 J/K.mol), the temperature, the quantity of the adsorbed
pollutants and the equilibrium concentration, respectively. The enthalpy change
(ΔH�) and entropy change (ΔS�) of the adsorption are estimated from the slope
and intercept of the van ‘t Hoff plot of lnK alongside 1/T, respectively. A negative
free energy change value (ΔG�) specifies the achievability and spontaneity of the
process. More negative ΔG values with increasing temperatures suggest stronger
interaction adsorbent/adsorbate molecule as well as elevated degree of spontaneity.
In addition, the magnitude of ΔG� value reflects the nature of adsorption process.
ΔG� values in the range �20 and 0 kJ/mol signify physisorption process, while
values in between �80 and �400 kJ/mol suggest chemisorption process (Salam
et al. 2012). Positive ΔH� value indicates the endothermic nature of an adsorption
process (Xu et al. 2011; Zhang and Ou 2013). Positive values of ΔS� reflect
increased disorder and randomness of the adsorption system (Paşka et al. 2014;
Dong et al. 2011).

5.3.2 Fixed Bed Column Experiments

The aim of a column sorption test is to quantify the parameters which are required to
design industrial scale fixed bed water treatment. The performance of a fixed bed
column is evaluated using the theoretical breakthrough curves (BTC). The shape and
appearance of the breakthrough point in fixed bed column experiment serve as key
indicator to assess the effective applicability of the used adsorbent. The break-
through point defines the time at which the concentration of effluent surpasses the
maximum acceptable release concentration of a particular contaminant. This can be
estimated by plotting Ct/Co against time t. The initial adsorbate concentration, flow
rate of effluent and bed mass/bed height are parameters influencing the shape of the
breakthrough curves. The breakthrough capacity of the packed column is estimated
as follows:

qb ¼
C0

m

Z Vb

0
1� Ct

C0

� �
dV ð5:17Þ

where qb (mg/g), Ct (mg/L), m (g) and Vb (L) represent the bed capacity at
breakthrough point, the concentration of outlet solution at time t, the bed mass and
the volume processed at breakthrough point, respectively. For a particular bed height
(adsorbent mass), the performance of a packed bed column is depending on the
number of bed volumes (BV) processed before the breakthrough point is attained
(Onyango et al. 2009). BV can be expressed through the following equation.
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BV ¼ Volume of solution processed at break through point Lð Þ
Volume of adsorbent bed Lð Þ ð5:18Þ

During a continuous flow adsorption investigation, the adsorbent become exhausted
after certain runs. The adsorbent exhaustion rate (AER) described the mass of
adsorbent deactivated per volume of solution processed at breakthrough point.
Lesser values of AER imply better column performance. AER is expressed by the
following equation.

AER ¼ mass of adsorbent gð Þ in column
volume of solution processed Lð Þ ð5:19Þ

Continuous flow adsorption experiments for Cr(VI) uptake in a packed bed perspex
glass cylindrical pipe of 2 cm inner diameter and 30 cm height using PPy/Fe3O4-
developed adsorbent as shown in Fig. 5.4 have been reported (Bhaumik et al. 2013).
A known quantity of PPy/Fe3O4 (2, 4 and 6 g) was packed into the above described
column, where the top and bottom ends of the adsorbent bed were concealed by a
deposit of glass wool, with the purpose of avoiding any loss of adsorbent as well as
giving mechanical support to the adsorbent bed. In addition, glass beads were sited
on top of the column bed to preclude the adsorbent from being dragged with the
outflow. A peristaltic pump was used to maintain the desired flow rate of the effluent
samples in an upwards mode. The effluent samples were collected at a certain time
intermission, and the concentration of the adsorbates was assessed. The volumes of
Cr(VI)-contaminated water processed at breakthrough point (2.8; 7.2; 12.6 L) as
well as the numbers of bed volumes (183; 286; 364) were found to increase with the

Fig. 5.4 Picture of a fixed bed packed column adsorption experiment
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bed mass. In addition, the estimated values of AER decrease (from 0.69 to 0.47 g/L)
with increased adsorbent mass. The time required to attain breakthrough point was
reported to decrease (from 2400 to 420 min) with increased flow rate (3–7 mL/min).
On the other hand, column study for Cr(VI) uptake using PPy/graphene oxide as
adsorbent revealed that Vb at breakthrough point (5.13; 22.32; 33.12 L) improved
with adsorbent mass (1, 2 and 3 g) (Setshedi et al. 2015). Furthermore, increased
concentration of Cr(VI) (from 10 to 50 mg/L) led to a decrease in breakthrough time
thus declined in Vb values (from 64.08 to 7.2 L).

Modelling of Column Dynamic Adsorption
To successfully design a fixed bed column, several mathematical models have been
established. The mathematical modelling of breakthrough curves acquired from a
series of experiments is very crucial as it provides insight of the conditions for an
optimum performance of the column. Thomas, Yoon-Nelson and Bohart-Adams
models are widely applied to fit the experimental data.

Thomas Model
This model follows the Langmuir kinetics of adsorption, and the rate driving force
obeys the second-order reversible reaction kinetics (Thomas 1944). In this case, the
chemical reaction is not the rate-limiting step; rather the process is governed by the
mass transfer at the interface of the adsorbent (Suksabye et al. 2008; Malkoc and
Nuhoglu 2006). Its linearized form is represented as follows:

ln
C0

Ct
� 1

� �
¼ KThq0m

Q
� KThC0t ð5:20Þ

where KTh (mL/min.mg) and q0 (mg/g) denote the Thomas rate constant and the
equilibrium adsorbate uptake, respectively. The plot of ln(C0/Ct�1) against time
t provides the KTh and q0 values.

The Yoon-Nelson Model
Yoon and Nelson have reported a simple theoretical model to predict the break-
through activities (Yoon and Nelson 1984). This model is founded on the hypothesis
that the rate at which the probability of adsorption of adsorbate molecules decreases
is proportional to the probability of adsorbate adsorption as well as the probability of
adsorbent breakthrough on the adsorbent bed (Chen et al. 2012). This model can be
linearized using the following expression:

ln
Ct

C0 � Ct

� �
¼ KYNt � KYNτ ð5:21Þ

where KYN (min�1), τ and t (min) symbolize the Yoon and Nelson rate constant, the
time required for 50% adsorbate breakthrough and the processing time, respectively.
A linear plot of ln[Ct/(C0�Ct)] vs sampling time t can then be exploited to obtain
KYN and τ values from the slope and intercept, respectively.
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Bohart-Adams Model
The Bohart and Adams model is based on the assumption that the adsorption
equilibrium is not prompt and the rate of adsorption is directly related to the
remaining capacity of the adsorbent as well as the concentration of the adsorbate
species (Bohart and Adams 1920). The mathematical equation for Bohart-Adams
model can be expressed as:

ln
Ct

C0

� �
¼ KBAC0t � KBAN0

Z

U0

� �
ð5:22Þ

where KBA (L/mg.min) is the Bohart-Adams rate constant and N0 (mg/L) is the
maximum saturation concentration of the adsorbates. Z (cm) stands for bed depth of
the fixed bed column, and U0 (cm/min) is the linear velocity defined as the ratio of

Fig. 5.5 Breakthrough curves for Cr(VI) removal onto PPy/Fe3O4 nanocomposite at different
adsorbent mass (a), initial Cr(VI) concentrations (b) and flow rates (c)
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volumetric flow rate (mL/min) to the cross-sectional area (cm2) of the bed. A linear
plot of ln(Ct/C0) against t gives the value of KBA and N0. It is evident from this model
that the breakthrough data can well describe the initial part of a column dynamic
experiment.

Thomas and Yoon-Nelson theoretical models were found to better depict the
experimental breakthrough curves for Cr(VI) removal using PPy/Fe3O4,
PPy/graphene oxide and PPy/organically modified montmorillonite clay
nanocomposites as examples (Setshedi et al. 2015; Bhaumik et al. 2013; Setshedi
et al. 2014). Figure 5.5 illustrates the suitability of the breakthrough curves with the
above-described mathematical models for toxic chromium uptake onto PPy/Fe3O4

adsorbent at various column parameters (Bhaumik et al. 2013).

5.4 Application of Modified Conducting Polymers
for Heavy Metal Ion Remediation

5.4.1 Removal of Cr(VI)

Chromium, as one the most abundant metal in Earth’s crust (Shahid et al. 2017),
mainly exists in the environment in the form of hexavalent chromium Cr (VI) and
trivalent chromium Cr (III). Though chromium compounds serve as vital micronu-
trient for sugar and lipid metabolism in humans (Hua et al. 2012), long-term
exposure to considerable Cr(VI) concentration has been reported as cancer-
initiating. Soluble Cr(VI) derivatives, as compared to Cr(III), are strong oxidizing
agents that can permeate cell membranes. Their toxicity pledges with the formation
of unstable and highly reactive intermediates which are responsible for cellular
components and DNA damages (Holmes et al. 2006). Chromium-contaminated
soil and slag have also been reported as poisonous in plants even at low Cr
(VI) concentration through seed germination inhibition, pigment status degradation
and oxidative stress induction (Patra et al. 2018). The maximum contaminant level
for chromium set by the US Environmental Protection Agency EPA has been
promulgated as 0.1 mg/L for water surface, 0.05 mg/L for drinking water and
0.25 mg/L for industrial water (Aigbe et al. 2018). Table 5.1 reports the recent
investigations of conducting polymer nanocomposites, used as adsorbent for the
removal of Cr(VI) ions from water medium. As evidenced, PPy-intercalated
graphene oxide (PPy/GO) nanocomposite was the most potent adsorbent with
maximum uptakes of 625 mg/g at 25 �C. The Cr(VI) adsorption onto PPy/GO was
dictated by chemisorption, taking into consideration the valence forces involving
sharing or exchange of electrons. Moreover, the PPy/GO adsorptive capacity was
able to treat 64.08 L of 25 mg/L toxic aqueous solution of Cr(VI) using 2 g of
PPy/GO nanocomposite at a flow rate of 3 mL/min in column dynamic setup
(Setshedi et al. 2015). Likewise, H2SO4-doped poly-diaminopyridine/GO also
showed remarkable performance towards Cr(VI) in aqueous solution with a maxi-
mum adsorption capacity of 609.76 at pH 1 (Dinda and Saha 2015). This conducting
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polymer composite was reported as rapid and effective adsorbent even at relatively
high concentration (500 mg/L) of toxic chromium. Further, the Cr(VI) removal
process using H2SO4-doped poly-diaminopyridine/GO followed a reduction mech-
anism at lower acidic pH medium and an anion exchange between SO4

2� ions of the
dopant and CrO4

2×/Cr2O7
× species at higher pH. Conducting polymer-incorporated

superparamagnetic iron oxide magnetite and maghemite nanoparticles, on the other
hand, have equally been employed as efficient adsorbent for the removal of Cr(VI),
essentially because of their unique characteristics that include high saturation mag-
netization, multiple active binding sites and large surface area. Also, the magnetic
properties allow the removal of contaminant-adsorbed materials from the aqueous
media with ease by simple application of a suitable magnetic field. Fe3O4-incorpo-
rated PPy-PANI nanoparticles, for example, exhibited improved adsorption effi-
ciency towards Cr(VI) from 227 mg/g to 303 mg/g at 25 �C and pH 2 (Kera et al.
2017). The adsorption process was found to proceed via ion exchange HCrO4

× vs Cl×

and subsequent reduction of adsorbed Cr(VI) to less toxic Cr(III), as shown in
Scheme 5.1. Remarkably, the treatment of Cr(VI)-loaded Fe3O4-incorporated PPy-
PANI nanoparticles in alkaline medium regenerated the adsorbent for multiple uses.
A step further, the magnetic nanocomposite could be easily isolated from the
aqueous solution using an external magnet.

Scheme 5.1 Mechanism of Cr(VI) removal using Fe3O4-incorporated PPy-PANI adsorbent

130 R. Das et al.



5.4.2 Removal of As(III)/As(V)

Arsenic a metalloid dispersed in the environment in several species is well known for
its application in electronics, agriculture as well as wood preservation. Usually,
surface and groundwater source contamination by arsenic and its compounds occurs
in our environments from both natural and manmade factors. The main source of
arsenical in groundwater, wherein arsenite As(III) and arsenate As(V) species are
always co-existing, is frequently the natural deposits in sediments, rocks and soil
(Saldaña-Robles et al. 2017). Moreover, the dissolution of arsenic-bearing iron
wastes has also been recognized as a new source of arsenical in groundwater (Clancy
et al. 2015). Alternatively, industrial effluent containing arsenical is of significant
anthropogenic impact. A recent assessment by the World Health Organization
revealed that approximately 200 million people globally are exposed to arsenic-
contaminated water higher than the recommended maximum acceptable limit 10 μg/
L (Zhang et al. 2018). Short-term human exposure to significant amount of arsen-
icals was found to lead to sterility and miscarriages in women (Lei et al. 2015). Cases
of DNA as well as brain damages have also been reported in both men and women.
Prolonged exposure to trace amount, on the other hand, can lead to lung, kidney,
skin, liver and bladder cancers (Yin et al. 2017). Table 5.2 displays the reported
studies for the removal of arsenic species by modified conducting polymer-based
nanostructured materials. The highest maximum adsorption capacity [232.5 mg/g for
As(III) and 227.3 mg/g for As(V)] at pH 7 was achieved through embedment of
metallic iron of average diameter 6.4 nm onto the PANI nanofibre support (Bhaumik
et al. 2015). Electrostatic interaction and complexation taking place at the surface of
PANI/Fe0 adsorbent between arsenic species and surface binding sites were identi-
fied as possible mechanisms involved during the removal process. In aqueous
environment, nanosized Fe0 particles react with H2O and dissolved O2 molecules
to yield oxides/hydroxides of iron, and subsequently, arsenic cations adsorption
occurs by substitution of OH� surface bond and formation of arsenate complex.
Similarly, nano-hydrous zirconium oxide-deposited polystyrene exhibited notewor-
thy As(V) uptake of 88.74 mg/g at pH value 7 through both electrostatic attraction
with positively charge nitrogen of polystyrene matrix and hydroxyl ion exchange of
hydrated zirconium oxides. Relative to incorporated organic entities, nanosized
inorganic particles within conducting polymer nanostructure cast seem more effi-
cient for arsenic remedial from contaminated water.

5.4.3 Removal of Hg(II)

Mercury (Hg) is well-documented as the most notorious metal pollutant in aquatic
ecosystem (Walters et al. 2011). Coal and petrochemical oil combustion, release of
wastewaters from mining, chlor-alkali as well as battery production are some of the
anthropogenic notable sources of mercury pollution in waterway. Mercury occurs in
the environment in various species: elemental (Hg0), oxidized inorganic (Hg2+, Hg2

2+)
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and organic (alkylated mercury) (Syversen and Kaur 2012). At room temperature,
gaseous Hg0 can be deposited in far-off regions from pollution sources. Inorganic
containing Hg2+ species have been established to be a severe contaminant owing to
high solubility and stability. Hg2+ can easily undergo biological methylation by
bacteria to generate highly toxic organometallic CH3Hg derivative (Klapstein and
O’Driscoll 2018). Aquatic animals such as fish and shellfish bioaccumulate high
amount of this mercury form through feeding. Acute consumption of significant
amounts of these Hg-contaminated animals could negatively impact on the human
central nervous system and other key tissues (Jaishankar et al. 2014). Based on the
best available science to prevent potential health-related problems, the World Health
Organization and US Environmental Protection Agency have recommended 0.001
and 0.002 mg/L as the lethal doses for mercury in drinking water. Table 5.3 shows a
survey for the removal of Hg (II) from aqueous solution using nanostructure-
modified conducting polymer as adsorbent. Accordingly, the incorporation of
reduced graphene oxide within the matrix of conducting polymers (PANI or PPy)
was found to significantly increase their mercury adsorptive performances. PANI/
rGO and PPy/rGO exhibited relatively the highest adsorption capacities. As com-
pared to pristine PANI, the maximum Hg(II) uptake on PANI/rGO was improved
from 515.46 mg/g to 1000.00 mg/g (Li et al. 2013). Likewise, Freundlich and
Langmuir isotherm models revealed the maximum adsorption capacities of
400 and 980 mg/g for PPy and PPy/rGO nanocomposites, respectively (Chandra
and Kim 2011). The increase in adsorption capacities was ascribed to large surface
area of inserted rGO, leading to increased number of active adsorption sites. Similar
interpretation also defined the high adsorption capacity of PANI/attapulgite for the
removal of Hg (II). Attapulgite is a crystal-like hydrated magnesium aluminium
phyllosilicate mineral with a fibrous morphology and large surface area.

5.4.4 Effect of Adsorbent Morphology on Their Performance

The adsorption efficiency of an adsorbent appears to vary with the morphology, and
this can be controlled during the preparation procedure. For example,
interconnected-chain PANI NFs, obtained through fast mixing oxidative polymeri-
zation of ANI with FeCl3 at room temperature, exhibited a maximum Cr
(VI) removal capacity of 345 mg/g at pH 2.0 (Bhaumik et al. 2014a, b). However,
previous investigation on Cr(VI) uptake from wastewater using short-chain PANI
revealed a maximum adsorption capacity of 63 mg/g at pH 3.0 (Kumar et al. 2008).
This short-chain PANI adsorbent was prepared via chemical oxidative polymeriza-
tion of ANI with ammonium persulphate (APS) in the presence of chain terminator
1,4-phenylenediamine at 5 �C. Recently, Wang and co-workers also reported the
synthesis of nanostructured PANI with different morphologies, based on the change
in the protonic acids during sono-assisted preparation process (Wang et al. 2014a, b).
Four protonic acids, namely, HCl, sulphamic acid (SA), citric acid (CA) and
2-aminoethanesulphonic acid (TA) were used. The use of strong acid HCl yielded

5 Surface-Modified Conducting Polymer-Based Nanostructured Materials. . . 133



T
ab

le
5.
3

M
od

ifi
ed

co
nd

uc
tin

g
po

ly
m
er

m
at
er
ia
ls
fo
r
th
e
re
m
ov

al
of

m
er
cu
ry

sp
ec
ie
s
H
g(
II
)

A
ds
or
be
nt

M
er
cu
ry

sp
ec
ie
s

O
pe
ra
tin

g
co
nd

iti
on

s
Is
ot
he
rm

m
od

el
A
ds
or
pt
io
n

ki
ne
tic
s

A
ds
or
pt
io
n

ca
pa
ci
ty

(m
g/
g)

A
ds
or
pt
io
n

th
er
m
od

yn
am

ic
s

(K
J/
m
ol
)

R
ef
er
en
ce
s

P
ol
ya
ni
lin

e
H
g(
II
)

C
A
d
s
¼
0.
2
g/
L
;C

H
g
¼
43

m
g/

L
;
pH

¼
5.
5

N
ot

re
po

rt
ed

N
ot

re
po

rt
ed

60
0

N
ot

re
po

rt
ed

W
an
g
et
al
.

(2
00

9)

P
ol
yp

yr
ro
le
/c
el
lu
lo
se

H
g(
II
)

C
A
d
s
¼

10
g/
L
;

C
H
g
¼

25
0
pp

m
;
pH

¼
6

L
an
gm

ui
r

F
re
un

dl
ic
h

P
se
ud

o-
se
c-

on
d-
or
de
r

31
.6
9

N
ot

re
po

rt
ed

H
an
if
et
al
.

(2
01

6)

P
ol
yp

yr
ro
le
/m

es
op

or
ou

s
si
lic
a

(P
P
y/
S
B
A
-1
5)

H
g(
II
)

T
¼

25
� C

;
C
A
d
s
¼

1
g/
L
;

C
H
g
¼

40
m
g/
L
;
pH

¼
8

L
an
gm

ui
r

P
se
ud

o-
se
c-

on
d-
or
de
r

20
0

Δ
G
0
¼

�3
.9
3

S
ha
fi
ab
ad
i

et
al
.

(2
01

6)
Δ
H
0
¼

19
.8
2

Δ
S
0
¼

0.
08

P
ol
yp

yr
ro
le
/th

io
l-
fu
nc
tio

na
liz
ed

ze
ol
ite

B
et
a/
m
es
op

or
ou

s
si
lic
a

(P
P
y/
S
H
-B
et
a/
M
C
M
-4
1)

H
g(
II
)

T
¼

25
� C

;
C
A
d
s
¼

2.
2
g/
L
;

C
H
g
¼

40
0
m
g/
L
;
pH

¼
8

F
re
un

dl
ic
h

P
se
ud

o-
se
c-

on
d-
or
de
r

15
7.
43

Δ
G
0
¼

�4
.6
2

Ja
va
di
an

an
d

T
ag
ha
vi

(2
01

4)

Δ
H
0
¼

22
.7
3

Δ
S
0
¼

0.
09

P
ol
ya
ni
lin

e/
at
ta
pu

lg
ite

(P
A
N
I/

A
T
P
)

H
g(
II
)

T
¼

25
� C

;
C
A
d
s
¼

0.
25

g/
L
;

C
H
g
¼

50
m
g/
L
;
pH

¼
6

L
an
gm

ui
r

P
se
ud

o-
se
c-

on
d-
or
de
r

80
0

N
ot

re
po

rt
ed

C
ui

et
al
.

(2
01

2)

P
ol
yp

yr
ro
le
/r
ed
uc
ed

gr
ap
he
ne

ox
id
e(
P
P
y/
rG

O
)

H
g(
II
)

T
¼

20
� C

;
15

w
t%

G
O

lo
ad
in
gs
;
C
A
d
s
¼

0.
2
g/
L
;

C
H
g
¼

50
pp

m
;
pH

¼
3

L
an
gm

ui
r

F
re
un

dl
ic
h

P
se
ud

o-
se
c-

on
d-
or
de
r

98
0

N
ot

re
po

rt
ed

C
ha
nd

ra
an
d
K
im

(2
01

1)

P
ol
ya
ni
lin

e
an
d
re
du

ce
d
gr
ap
he
ne

ox
id
e
(P
A
N
I/
rG

O
)

H
g(
II
)

T
¼

32
� C

;
C
A
d
s
¼

0.
2
g/
L
;

C
H
g
¼

16
5.
88

m
g/
L
;
pH

¼
4

L
an
gm

ui
r

F
re
un

dl
ic
h

P
se
ud

o-
se
c-

on
d-
or
de
r

10
00

N
ot

re
po

rt
ed

L
ie
t
al
.

(2
01

3)

P
ol
ya
ni
lin

e/
gr
ap
he
ne

ox
id
e

(P
A
N
I/
G
O
)

H
g(
II
)

T
¼

25
� C

C
A
d
s
¼

0.
1
g/
L
;

C
H
g
¼

10
m
g/
L
;
pH

¼
5

L
an
gm

ui
r

P
se
ud

o-
se
c-

on
d-
or
de
r

80
.7

N
ot

re
po

rt
ed

F
an

et
al
.

(2
01

5)

P
ol
ya
ni
lin

e/
hu

m
ic
ac
id

(P
A
N
I/

H
A
)

H
g(
II
)

T
¼

25
� C

;
C
A
d
s
¼

0.
5
g/
L
;

C
H
g
¼

50
m
g/
L
;
pH

¼
5

L
an
gm

ui
r

P
se
ud

o-
se
c-

on
d-
or
de
r

67
1

N
ot

re
po

rt
ed

Z
ha
ng

et
al
.

(2
01

0)

P
hy

tic
ac
id
-d
op

ed
po

ly
an
ili
ne
/c
el
-

lu
lo
se

ac
et
at
e
(P
A
N
I-
P
A
/C
A
)

H
g(
II
)

T
¼

30
� C

;
3
cm

�
3
cm

m
em

br
an
e;

C
H
g
¼

22
3.
33

m
g/
L
;
pH

¼
5

L
an
gm

ui
r

P
se
ud

o-
se
c-

on
d-
or
de
r

28
0.
11

N
ot

re
po

rt
ed

L
ie
t
al
.

(2
01

4)

134 R. Das et al.



aggregated particles. Polymerization in SA, on the other hand, generated
nanoparticles with approximately 100 nm diameters. Weak organic acid CA
afforded straight and smooth-like nanoparticles with average diameters and length
of 150–250 nm and 2.5 μm, respectively. Flexible and relatively smaller
nanoparticles of 80–100 nm in diameter were obtained with polymerization in
TA. With regard to their performance in Cr(VI) adsorption process, PANI-HCl
presented the highest maximum adsorption capacity of 182 mg/g at pH 4.0 and
25 �C, as compared to PANI-SA (164 mg/g), PANI-CA (145 mg/g) and PANI-TA
(111 mg/g). Moreover, aggregated spherical-like PPy/Fe3O4 nanocomposite, fabri-
cated by in situ chemical oxidative polymerization of Py in the presence of Fe3O4

NPs in deionized water at ambient temperature, showed a maximum adsorption
capacity of 169.5 mg/g towards Cr(VI) at pH 2 (Bhaumik et al. 2011). A year later,
the corresponding orange-like microspheres were reported to uncover higher max-
imum adsorption capacity of 209.2 mg/g under similar condition (Wang et al. 2012).
The identical Fe3O4/PPy composite microspheres were obtained via in situ oxidative
polymerization of Py in the presence of Fe3O4 microspheres in deionized water/
alcohol/HCl mixtures under sonication.

5.5 Conclusion

Herein, we present the recent studies performed on synthesized conducting polymer
containing nanostructured materials for the removal of selected highly toxic Cr(VI),
As(III), As(V) and Hg(II) from aqueous medium using adsorption technology. PANI
and PPy matrixes were the most explored supports for high adsorption owing to their
ion-exchange ability under specific conditions at nitrogen atoms, which serve as
active binding sites. Incorporation of nanosized inorganic particles with high surface
area as well as large number of active sites was found to lead to materials with
outstanding adsorption capacities. Generally, kinetics study revealed that the adsorp-
tion process of Cr(VI), As(III), As(V) and Hg(II) onto the surface-modified
conducting polymer nanostructured materials followed the Ho and McKay pseudo-
second-order rate model and the removal efficiency could be best described using
Freundlich and Langmuir isotherms. Ion exchange, electrostatic attraction and
surface complexation were reported as the most plausible mechanisms in that regard.
Moreover, the process was strongly dependent on the key factors such as tempera-
ture, adsorbent dosage, initial concentration of metal ion pollutant and solution
pH. Efficient uptake of As(III)/As(V) was achieved at alkaline pH, while Cr
(VI) and Hg(II) removal was mostly favourable under acidic conditions. The data
compiled in the current review can serve as valuable template for the design and
fabrication of potential and effective adsorbent for heavy metal ion-contaminated
water treatment systems. Next, advanced investigation on the reusability of heavy
metal-adsorbed waste materials in catalysis, medicine or gas sensing remains an area
that needs special attention so as to limit the risk of secondary pollution.
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Biological Effects of Green-Synthesized
Metal Nanoparticles: A Mechanistic View
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Suresh K. Verma, Ealisha Jha, Pritam Kumar Panda, Arun Thirumurugan,
and Mrutyunjay Suar

Contents

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
6.2 Green Synthesis of Metal and Metal Oxide NPs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
6.3 Biological Effects of Metal and Metal Oxide NPs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

6.3.1 Antibacterial Effects of Green-Synthesized Metal and Metal Oxide NPs
(Ag-NPs and ZnO-NPs) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

6.3.2 Cytotoxicity of Green-Synthesized Metal and Metal Oxide NPs (Ag-NPs
and ZnO-NPs) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

6.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

Abstract Recent advancements in nanotechnology have pushed the boundary of
nanomaterial studies and their applications so far that almost each and every aspect
of science is looking for their application based on them. The extensive studies and
industrial applications have raised demand for nanomaterial in leaps and bounds. To
fulfill the demand, new strategies for their synthesis and industrial preparation have
been discovered and applied. However, the logarithmic expansion of production of
nanomaterials, especially metal and metal oxide nanomaterials, has slowly raised the
issue of their toxicity and biocompatibility with respect to ecosystems and human
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health. Traditional synthesis of nanomaterials by chemical and physical synthesis
procedures has been reported to impose higher toxicity on both ecosystems and
human health. There are regular quests for new methods to discover biocompatible
nanomaterials. In view of the above facts, green synthesis of nanomaterials, using
biological agents, has been shown to be a solution to this issue. However, to address
this issue, discussion about their detailed biological effects is urgently needed. To
illuminate these concerns, this chapter provides a brief review of the current strat-
egies for green synthesis of nanomaterials, especially focusing on metal and metal
oxide nanoparticles and their detail mechanisms of biological effects in view of their
antibacterial efficacy and cytotoxicity.

Keywords Green synthesis · Metal oxide nanoparticles · Antibacterial activity ·
Cytotoxicity

6.1 Introduction

The term “green synthesis” refers to an eco-friendly way of synthesizing
nanoparticles (NPs). It includes all procedures that produce no waste or that produce
only biodegradable waste. Moreover, such synthesis procedures involve chemicals
derived from biological entities for the fabrication of nanoparticles. Paul Anastas and
John Warner described the term “green chemistry” on the basis of 12 principles,
which include prevention of production of harmful waste, incorporation of all
materials’ usability in the final product, use of methods showing no toxicity or
only low toxicity to human health, design of nanoparticles according to desired
properties without compromising the toxicity aspect, use of only minimal and
innocuous auxiliary substances, energy efficiency, biodegradability, and pollution
prevention. Different synthesis methods that have been recognized as green synthe-
sis methods are high-energy ball milling (HEBM), biological routes of synthesis, and
synthesis using biological agents. The biological agents or biomolecules involved
are identified on the basis of their derived sources such as plants, bacteria, or other
microorganisms.

A plant contains various therapeutic compounds, which can be exploited as
traditional medicines. Because of their enormous diversity, plants have an extensive
range of applications in various fields such as agriculture, pharmaceutics, and
industry. Recent reports have suggested the use of plants in the production of
nanoparticles, which are regarded as having advantages such as safe handling,
biodegradable waste, and easy availability. Moreover, a wide range of biomolecules
(terpenoids, alkaloids, flavonoids, phenols, quinines, tannins, etc.) present in differ-
ent plants are recognized to arbitrate the synthesis of nanoparticles.

Mittal et al. (2013) and other groups have studied the utility of biomolecules from
plant extracts in the reduction of metal ions to nanoparticles in the green synthesis
process. This biogenic reduction of metal ions is fast and easily conductible at room
conditions. Moreover, plant extract–regulated synthesis of nanoparticles is
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environmentally friendly. The reducing agents comprise various water-soluble plant
metabolites (e.g., alkaloids, phenolic compounds, and terpenoids) and coenzymes.
Silver (Ag), gold (Au), and zinc (Zn) nanoparticles are the main targets of plant-
based synthesis. Moreover, the use of plant-derived biomolecules provides an option
for controlled synthesis of nanoparticles.

As part of this, biogenic methods engaging biological microorganisms have
arisen as a viable substitute for physical methods and chemical synthetic procedures.
It is a well-recognized fact that microorganisms such as yeast, bacteria, and fungi can
play significant roles in reduction of metal ions, leading to remediation of toxic
metals (Mandal et al. 2006). Some bacteria secrete diffusible and small redox
compounds that can reduce iron (Fe3+) oxides and can assist as electron shuttles.
Hydroquinones released by microorganisms are evidently capable of reducing ions
to nanoparticles. However, one drawback of this procedure is the slow rate of
generation of nanoparticles.

Green synthesis of nanoparticles has been emphasized because of their biocom-
patibility and eco-friendly nature. Their biocompatibility can be evaluated, along
with their cytotoxicity behavior, by use of different in vitro and in vivo model
systems. The biocompatibility of green-synthesized nanoparticles is due to the
presence of biological moieties present on the surface of the nanoparticles (Verma
and Stellacci 2010). On exposure, these biomolecules interact with the biomolecules
present on the cell surface, resulting in a less harmful interaction than that seen with
chemically synthesized nanoparticles, which may have harmful chemicals on their
surface. The multi-utility of nanomaterials can be estimated on the basis of their
extensive use in catalysis (Astruc et al. 2005), magnet cooling (Lee et al. 2011b),
optical and recording devices (Zijlstra et al. 2009), purification of enzymes and other
biological materials (Cao et al. 2012), water purification (Porada et al. 2008), and
targeted drug delivery (Cho et al. 2008). However, this extensive use can be viewed
negatively on the basis of the associated threats to health and environment safety.
Green synthesis offers potential solutions to these threats. The biocompatibilities of
the nanoparticles have been studies in vivo and in vitro, using different models. In
vitro analysis includes the interaction of nanoparticles with cell lines. This approach
to analysis is an economical tool for evaluation of the toxicity of nanomaterials. A
benefit of using this tool includes detailed description of the effects of nanomaterials
on objective cells in the absence of their secondary effects, allowing possibilities for
exploration of the primary mechanism of toxicity. Moreover, it also explores the
probability of improving the design of nanomaterials for in vivo animal studies. On
the basis of the objectives of toxicity studies and the targeted tissue, many cell lines
have been chosen in the past for studying cellular toxicity. They include A549
(a lung cancer–derived cell line), HCT116 (a colon cancer cell line), RAW264.7
(a macrophage cell line), U87 (astrocytoma cells), HEK293T (a kidney cell line),
and fibroblast cell lines. The results of the effects of nanomaterial interactions on
them are listed in Table 6.1.

The mechanism of the cytotoxicity of nanoparticles to cell lines can be defined in
three steps: the nanoparticles get attached to the surface of the cell membrane
through ionic interaction, leading to internalization of these particles. This, in turn,
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produces secondary effects such as genotoxic abnormalities and reactive oxygen
species (ROS) generation. The attachment of the nanoparticle highly depends on the
charge present on its surface, and this fact is utilized by researchers to determine the
right choice for biocompatible nanoparticle synthesis. Internalization as a result of
interaction proceeds by physiological processes such as endocytosis. After internal-
ization of the nanoparticle, its secondary physiological effects can induce cytotox-
icity in the cells, which includes phenomena such as lipid metabolism alteration,
osteosis, and alteration of ROS.

In vivo cytotoxicity evaluation can be done with a whole-animal model. Researchers
have utilized various whole-animal models such as Caenorhabditis elegans, mouse, and
zebrafish models to determine the toxicity of nanoparticles. The selection of the model
depends on genetic similarity to humans, making them a potential candidate to mimic
the effects on human cells. Among all of these models, the zebrafish model has recently

Table 6.1 Studies on effects of nanoparticle interactions with different cell lines

Nanomaterial Cell lines Toxicity effects Reference

Titanium
oxide

Human lung cells Oxidative stress " Bhattacharya
et al. (2009)DNA adduct formation

Cytotoxicity "
Iron oxide Rat mesenchymal stem cells Cell viability # Delcroix et al.

(2009)

Iron oxide Murine macrophage cells Cell viability # Jeng and
Swanson (2006)

Iron oxide Human macrophages Cell viability # Naqvi et al.
(2010)

Zinc oxide Human hepatocyte HEK293
cell line

Cell viability # Guan et al.
(2012)Oxidative stress

Mitochondrial damage

Zinc oxide Human cervix carcinoma cell
line (HEp-2)

DNA damage Osman et al.
(2010)Cell viability #

Zinc oxide Human colon carcinoma cells Oxidative stress " De Berardis
et al. (2010)Cell viability #

Inflammatory biomarkers

Aluminum
oxide

Human brain microvascular
endothelial cells

Cell viability # Chen (2008)

Mitochondrial function #
Oxidative stress "

Aluminum
oxide

Mammalian cells No significant toxic effect
on cell viability

Radziun et al.
(2011)

Aluminum
oxide

Human mesenchymal stem
cells

Cell viability # Alshatwi et al.
(2012)

Copper oxide Human lung epithelial cells Cell viability # Ahamed et al.
(2010)Lactate dehydrogenase "

Lipid peroxidation "
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been gaining popularity. Several studies have been done to explore and determine the
toxic effect of nanoparticles on the zebrafish model, as listed in Table 6.2.

This review describes the use of different biological agents for green synthesis of
nanomaterials, focusing on Ag-NPs and ZnO-NPs. It then provides mechanistic
detail about their antibacterial activities and cytotoxicity with respect to in vitro
and in vivo models such as different mammalian cell lines and embryonic zebrafish.

6.2 Green Synthesis of Metal and Metal Oxide NPs

Green synthesis of two types of metal and metal oxide nanoparticles—Ag-NPs and
ZnO-NPs—has been achieved by use of different techniques (Fig. 6.1). The selec-
tion of methodology depends on the type of approach for the synthesis. The two
most common approaches for any type of nanoparticle synthesis are (1) a top-down
approach and (2) a bottom-up approach.

The top-down approach refers to the breaking down of bulk material to a
nanosize, using external physical forces. This approach is considered a green
method when there is no use of any harmful chemical to catalyze the process. A
common example of green methodology with a top-down approach is the HEBM
method. HEBM uses high mechanical energy to grind bulk molecules into smaller
ones; hence, there is no use of any harmful chemicals. To minimize heat produc-
tion due to frictional forces, a low revolutions-per-minute (rpm) count and an inert
environment are used. Numerous studies have described the use of this method for
the synthesis and bulk production of metal and metal oxide nanoparticles such as
ZnO-NPs and TiO2-NPs. It has been shown to be superior to other reported
methods in terms of simplicity, reliability, and reproducibility, with application
to any class of materials (Badapanda et al. 2015; Murty and Ranganathan 1998). In

Table 6.2 Studies on cytotoxic effects of nanoparticles in a zebrafish model

Nanomaterial
Size and
shape Zebrafish line Toxicity effect Reference

Copper oxide Spherical,
21 nm

Transgenic
(nacre/fli1:
EGFP)
zebrafish

Inhibition of vasculogenesis Chang
et al.
(2015)

TiO2 Spherical,
<25 nm

Gene expres-
sion of
zebrafish
embryos

Circadian rhythm gene
(s) deregulated by nanoparticles

Jovanović
et al.
(2011)

CuO, ZnO,
NiO, and
Co3O4

Spherical,
10–50 nm

hsp70:GFP
transgenic
zebrafish
larvae

CuO, ZnO, and NiO may augment
expression of hsp70:GFP in trans-
genic zebrafish larvae

Lin et al.
(2011)
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addition, it induces morphological and structural changes such as core–shell
intrinsic defects (Parashar et al. 2012) with chemical reactions that are rare at
normal room temperature. Muñoz et al. (2007) reported the production of iron
nanoparticles, using HEBM. Giri et al. (2007) described the benefits of using
HEBM for the production of ZnO-NPs. Similarly, silicon nanoparticles have
been synthesized using HEBM for enhancement of optical properties (Goyal and
Soni 2018).

Though the top-down approach has provided a good option for production of
nanomaterials by use of green synthesis, the purity is a matter of concern. To solve
this problem, bottom-up approach strategies are used. The bottom-up approach
involves the formation of desired nanoparticles by use of chemical reactions. This
approach is considered a green method when the chemicals used are derived from
biological sources such as plants and microbes. In this quest, many plant and
microbial sources have been used in the last few decades to extract biomolecules
for production of nanoparticles. With regard to Ag-NPs and ZnO-NPs, a number of
researchers have investigated the utility of many plant and microbial extracts for the
synthesis of these nanoparticles. For Ag-NP synthesis, silver nitrate is incubated
with plant extracts chosen from different parts of plants and subjected to exposure to

Fig. 6.1 Green methodologies for synthesis of metal and metal oxide nanoparticles (NPs).
FTIR Fourier transform infrared spectroscopy, HEBM high-energy ball milling, SEM scanning
electron microscopy, TEM transmission electron microscopy, Temp temperature, UV ultraviolet,
Vis visible light
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physical agents such as temperature, or radiation for the formation of the
nanoparticles. The roles of plant extracts hereby have been recognized as reducing
and capping agents. Different biomolecules present inside the extracts have been
reported for synthesis of nanoparticles. The plant materials used for these processes
are carefully chosen on the basis of plant parts and medicinal usage (Table 6.3).
Numerous reports have described green synthesis of Ag-NPs with use of plant
extracts such as Acalypha indica leaf (Krishnaraj et al. 2010), Jatropha curcas
seeds (Bar et al. 2009b), Chenopodium album leaf (Dwivedi and Gopal 2010),
banana peel (Bankar et al. 2009), Ocimum tenuiflorum, Syzygium cumini,
Trianthema decandra, Rosa rugosa (Dubey et al. 2010), Centella asiatica, Solanum
trilobatum roots, mulberry leaves (Awwad et al. 2012), Olea europaea leaves
(Awwad and Salem 2012), Arbutus unedo leaves (Kouvaris et al. 2012), Ficus
benghalensis leaves (Saxena et al. 2012), and Citrus sinensis leaves (Logeswari et
al. 2015).

Plant extracts have also been reported for the synthesis of ZnO nanoparticles.
Trifolium pratense flowers have been used to synthesize ZnO-NPs in the presence
of phenolic acids, anthocyanins, and small amounts of carotene, tannins, essential
oils, and vitamin C (Dobrucka and Długaszewska 2015). ZnO-NPs with a size
range of 8–18 nm and variable shapes have been reported to be synthesized with

Table 6.3 Studies on green synthesis of silver nanoparticles

Plant Size (nm) Reference

Plectranthus amboinicus 88 Fu and Fu (2015)

Vitex trifolia L. 30 Elumalai et al. (2015a)

Aspalathus linearis 1–8 Park and Maaza (2015)

Anisochilus carnosus 20–40 Anbuvannan et al. (2015a)

Coffee 4.6 Fatimah et al. (2016)

Mimosa pudica 2.71 Fatimah et al. (2016)

Ocimum basilicum L. var. purpurascens 50 Abdul et al. (2014)

Citrus aurantifolia 50 Çolak and Karaköse (2017)

Black tea 19.3 Hassan et al. (2016)

Azadirachta indica 28 Madan et al. (2016)

Zingiber officinale 23–26 Anbuvannan et al. (2015b)

Moringa oleifera 6–20 Elumalai et al. (2015b)

Trifolium pratense 100–190 Dobrucka and Długaszewska (2016)

Aloe vera 8–18 Ali et al. (2016)

Nephelium lappaceum L. 25–40 Karnan and Selvakumar (2016)

Lobelia leschenaultiana 40 Banumathi et al. (2016)

Carica papaya 11–26 Sharma (2016)

Polygala tenuifolia 33.03–73.48 Nagajyothi et al. (2015)

Anchusa italica 8, 14 Azizi et al. (2016)

Jacaranda mimosifolia 2–4 Sharma et al. (2016)
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the use of Aloe barbadensis leaf extract (Ali et al. 2016). Similarly, Euphorbia
prolifera leaf extract has been used as a reducing and stabilizing agent to form
ZnO-NPs (Momeni et al. 2016). Spherical ZnO-NPs 25–40 nm in size have been
synthesized from rambutan (Nephelium lappaceum L.) peel extract (Karnan and
Selvakumar 2016). The milk latex of Carica papaya has been reported to possess
useful properties for the synthesis of ZnO-NPs. Extracts of other plants such as
Azadirachta indica (Elumalai and Velmurugan 2015), Polygala tenuifolia, Vitex
negundo, Anchusa italica, Jacaranda mimosifolia, Heritiera fomes, and
Sonneratia apetala have also played roles as reducing and stabilizing agents in
the formation of ZnO-NPs. A short summary can be viewed in Table 6.4.

The available information about green synthesis of nanoparticles with use of plant
extracts is elaborated with each new discovery. The basic mechanism of the synthe-
sis lies in the fact that the plant extract contains biomolecules such as proteins, DNA,
and saccharides, and other molecules such as flavonoids and carotenoids, which act
as reducing and capping agents. In brief, the formation of nanoparticles after the
reaction setup can be sketched as:

Metal Saltsþ Biomolecules ! Metal NPsþ By-products

A similar concept has been applied in use of microbes for synthesis of
nanoparticles. The biomolecules released by bacterial strains in a culture medium

Table 6.4 Studies on green synthesis of zinc oxide nanoparticles from plants

Plant Size (nm) Reference

Azadirachta indica 50–100 Poopathi et al. (2015)

Aloe vera 15–20 Dinesh et al. (2015)

Emblica officinalis 10–20 Ramesh et al. (2015)

Parthenium hysterophorus L. 40–50 Parashar et al. (2009)

Cinnamomum camphora 15–19 Huang et al. (2007)

Camellia sinensis 30–40 Loo et al. (2012)

Diopyros kaki 10–20 Song and Kim (2008)

Jatropha curcas (latex) 15–500 Bar et al. (2009a)

Jatropha curcas (seed) 55–60 Bar et al. (2009b)

Cinnamomum camphora (dried leaf) 55–60 Huang et al. (2007)

Pineapple (leaf extract) 15–500 Emeka et al. (2014)

Persimmon (leaf extract) 15–500 Song and Kim (2008)

Ginkgo (leaf extract) 30–40 Song and Kim (2009)

Magnolia (leaf extract) 30–40 Song et al. (2009)

Pelargonium graveolens (leaf extract) 55–60 Shankar et al. (2003)

Phoma glomerata 10–20 Gade et al. (2013)

Macrotyloma uniflorum 10–20 Vidhu et al. (2011)

Anacardium occidentale 55–60 Mukunthan and Balaji (2012)

Hibiscus rosa sinensis 55–60 Philip (2010)

Mimusops elengi L. 55–60 Prakasha et al. (2013)
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have been used for the formation of nanoparticles. Numerous studies in the last few
years have shown that biomolecules released in the supernatant of the culture
medium used for culturing the bacterial strains can be used for synthesis of metal
and metal oxide nanoparticles such as Ag-NPs and ZnO-NPs. A brief overview of
these studies is given in Table 6.5.

6.3 Biological Effects of Metal and Metal Oxide NPs

Extensive usage of metal and metal oxide nanoparticles has raised concerns about
their effect on biological systems. In view of concerns related to biocompatibility,
green-synthesized nanoparticles have been evaluated for their effects on biological
systems in terms of both beneficial and toxic aspects. As far as beneficial effects are
concerned, green-synthesized metal nanoparticles have been studied for their
antibacterial activities against pathogenic as well as nonpathogenic strains. The

Table 6.5 Studies on biosynthesis of metal nanoparticles (NPs) from bacteria

Bacterial strain Nanoparticles
Size
(nm) Reference

Bacillus subtilis Au-NPs 5–25 Lengke et al. (2007)

Lactobacillus sp. Au-NPs 20–50 Nair and Pradeep (2002)

Pseudomonas aeruginosa Au-NPs 15–30 Husseiny et al. (2007)

Escherichia coli Au-NPs 20–25 Deplanche and Macaskie (2008)

Klebsiella pneumoniae Au-NPs 35–65 Nangia et al. (2009)

Pseudomonas stutzeri Ag-NPs 100–200 Joerger et al. (2000)

Lactobacillus sp. Ag-NPs 15–30 Fu et al. (2006)

Morganella sp. Ag-NPs 20–21 Parikh et al. (2008)

Bacillus subtilis Ag-NPs 5–50 Saifuddin and Wong (2009)

Bacillus indicus Ag-NPs 2.5–13.3 Shivaji et al. (2011)

Pseudomonas antarctica Ag-NPs 3–33 Shivaji et al. (2011)

Salmonella typhimurium Au-NPs 20–40 Khodashenas and Ghorbani
(2014)

Pseudomonas fluorescens Ag-NPs 80–85 Silambarasan and Jayanthi
(2013)

Salmonella typhimurium Ag-NPs 85–110 Khodashenas and Ghorbani
(2014)

Rhodobacter sphaeroides CdS-NPs 6–7 Bai et al. (2009)

Streptomyces sp. MnO-NPs,
ZnO-NPs

10–20 Waghmare et al. (2011)

Desulfovibrio
desulfuricans

Pd-NPs 40–50 Yong et al. (2002)

Bacillus thuringiensis Ag-NPs 20–30 Verma et al. (2017c)

Staphylococcus aureus Ag-NPs 30–40 Verma et al. (2017c)

Salmonella typhimurium Ag-NPs 40–50 Verma et al. (2017c)
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approach of green synthesis has been taken to enhance the antibacterial activity of
metal nanoparticles such as Ag-NPs, Au-NPs, and ZnO-NPs. On the same platform,
it is mandatory for synthesized nanoparticles to have less cytotoxicity to human cells
in order to have clinical applicability. However, their toxic effects with high usage
and accumulation can sometimes be overlooked. Moreover, these toxic effects can
have implications for environmental aspects and can potentially spread to other
biotic factors in the ecosystem.

6.3.1 Antibacterial Effects of Green-Synthesized Metal
and Metal Oxide NPs (Ag-NPs and ZnO-NPs)

Recent studies have shown that metal and metal oxide nanoparticles, especially
Ag-NPs and ZnO-NPs, have high antibacterial efficacy against bacterial strains such
as Escherichia coli and Staphylococcus aureus. With advancement of green synthe-
sis technology, the quest to increase their efficacy is in progress. Ag-NPs synthesized
from green methodology have been shown to have antibacterial effects on almost
every strain; this property of Ag-NPs has made them applicable for clinical purposes.
Many products in the market nowadays are available with Ag-NPs. Ag-NPs
synthesized from different plant and bacterial sources have shown significant
antibacterial efficacy against different bacterial strains. Nanoparticles synthesized
from banana peel by Bisauriya et al. have been shown to have antibacterial effects
(Bisauriya et al. 2018). Similarly, many groups have reported green synthesis of
Ag-NPs with antibacterial efficacy from Aloe vera extract (Kumar et al. 2015),
Prosopis farcta (Miri et al. 2015), Cocos nucifera (Mariselvam et al. 2014), etc.

6.3.1.1 Mechanism of Antibacterial Activity

The antibacterial mechanism of action of Ag-NPs has been defined by many groups;
however, the exact mechanism is still unknown, as the different groups have defined
the mechanism from different perspectives. Many different groups have determined
the antibacterial effect by using different experimental techniques such as well
diffusion assays or growth curve analysis. As shown in Figs. 6.2 and 6.3, analyses
of zones of inhibition against different bacterial cultures exhibited by nanoparticles
have been demonstrated by different groups, e.g., Verma et al. (2017a, 2017b).
Durán et al. (2010) evaluated the comparative action of silver ions and silver
nanoparticles in terms of their antibacterial activities. Their report mainly suggested
that silver ions inactivate bacteria by reacting with the thiol groups of proteins. This
emphasis was due to the fact that silver ions weakened DNA replication by affecting
respiratory chain enzymes and inhibiting oxidative phosphorylation, leading to
abnormalities in membrane permeability. Marambio-Jones and Hoek (2010)
discussed the mechanism of antibacterial activities of Ag-NPs with three
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conceivable mechanisms: (1) free silver ion uptake followed by disturbance of
adenosine triphosphate (ATP) production and DNA replication, (2) oxidative stress
generation through induction of ROS by silver nanoparticles and silver ions, and
(3) cell membrane damage by silver nanoparticles.

However, the majority of authors have emphasized the perspective of cell damage
and oxidative stress induction as major causes of the antibacterial activity of
Ag-NPs. Mirzajani et al. (2011) analyzed variations of the peptidoglycan structure
in S. aureus cells after Ag-NP treatment for disruption of the bacterial cell wall.

Fig. 6.2 (a–d) Zones of inhibition formed by zinc oxide nanoparticles (NPs) against the Gram-
negative bacteria (a) Escherichia coli and (b) Pseudomonas, and against the Gram-positive bacteria
(c) Staphylococcus aureus and (d) Micrococcus. e Bar graph representing the zones of inhibition
formed by ZnO-NPs against Gram-positive and Gram-negative bacteria. The zones of inhibition
against both types of bacteria increased with a reduction in the size of the NPs. Each bar in the graph
represents the mean � the standard error of the mean (Verma et al. 2017a)

Fig. 6.3 Zones of inhibition formed by different biogenic silver nanoparticles against two bacterial
strains (Salmonella typhimurium and Escherichia coli), as determined by well diffusion assays
(Verma et al. 2017b)
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McQuillan et al. (2012) described the primary mechanism of Ag-NP action on cell
membrane suspension. Kon and Rai (2013) revealed that Ag-NP action also depends
on the type of bacterial strain because of the variations in cell wall composition. This
revelation was supported by the findings of Kim et al. (2007), who equated the
effects of Ag-NPs on E. coli and S. aureus. Reidy et al. (2013) and Cao and Liu
(2010) proposed another important aspect of antibacterial action, describing involve-
ment of the electrochemical proton gradient through respiratory processes that act as
the driving force for ATP synthesis in bacteria.

Ag-NPs have been speculated to interrupt the energy source for all reactions,
leading to cell death due to unable cell adhesion and proliferation. Manke et al.
(2013) described the role of oxidative stress induction by Ag-NPs as a function of
cellular factors such as size, particle surface, and composition. Moreover, the
mechanism suggested was oriented toward cellular responses such as nanoparticle–
cell interactions, mitochondrial respiration, and immune cell activation for ROS-
mediated damage. Kim et al. (2011) validated these descriptions in S. aureus and
E. coli, and described that ROS generation leads to increased permeability in the
membrane, generating protein breaks and inactivation of enzymes such as lactate
dehydrogenase. During their investigation, they found larger amounts of protein
leakage through the E. coli membrane than through the S. aureus membrane,
signifying a difference in antibacterial effectiveness against the Gram-positive
S. aureus compared with the Gram-negative E. coli. The difference was attributed
to differences in the thickness of the peptidoglycan layer in S. aureus and E. coli. In
view of these studies, it can be explained that the mechanism of antibacterial activity
of Ag-NPs varies depending on parameters and factors. A common mechanism is
shown in Fig. 6.4. The nanoparticles first get attached to the surface, depending on
the nature of the nanoparticles, decided by the coating factors. Followed by attach-
ment, they interact with the cell membrane via different proteins and lipids, leading
to their internalization, as well as induction of membrane damage due to action of
ROS induced by them. The internalized nanoparticles then interfere with the cellular
physiology of the bacteria (e.g., by interaction with respiratory mechanisms and cell
wall development processes) and cause their destruction with the help of ROS
generated by them. Though this description seems to be complete, the complete
profile of the proteins and biomolecules that interact with the Ag-NPs during the
course of this mechanism still seems to be incomplete. Further research is needed to
fully understand the mechanism in detail.

Like Ag-NPs, ZnO-NPs synthesized by green methodology have been described
as having strong antibacterial activity. The mechanism described by different
researchers is somewhat similar to the basic mechanism described for Ag-NPs;
however, the detail varies in respect of the fact that a ZnO-NP has an extra oxygen
atom, which can enhance the oxidative stress phenomenon. Dobrucka and
Długaszewska (2016) explained the antibacterial activity of ZnO-NPs, synthesized
from T. pratense, against E. coli, S. aureus, and Pseudomonas aeruginosa 6749. The
synthesized ZnO-NPs were reported to show improved antibacterial activity against
P. aeruginosa as compared with gentamicin. Elumalai et al. (2015a) described
antimicrobial activity of ZnO-NPs against Bacillus subtilis, S. aureus, Proteus
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mirabilis, P. aeruginosa, and E. coli in a dose-dependent manner. The most probable
mechanism of antibacterial activity is disruption of cell wall permeability. It was
stated that the Zn+ ions are internalized into the bacterial cell by splitting the cell
wall. As a consequence, the cytoplasmic fluid gets leaked from the cell, leading to
the death of the cell or bacterium (Raghupathi et al. 2011). Another mechanism
described by researchers is the involvement of generation of ROS such as O2� and
H2O2 at the surface of ZnO-NPs. The transference of electrons from the valence
band to the conduction band in exposed ZnO nanoparticles creates a hydroxyl group,
which reacts with the holes generated in the valence band and absorbs water.
Moreover, generation of superoxide radical anions (O2�) occurs as a result of the
entrapment of electrons in the conduction band by O2 (Baek et al. 2017). These
molecular mechanisms, however, do not describe the phenomenon taking place
inside the bacterial cells. A detailed mechanism showing the involvement of bio-
molecule interaction of ZnO has recently been discussed by (Verma et al. 2017a). It
was stated that two probable mechanisms can be specified for the antibacterial action
of ZnO-NPs: (1) generation of increased levels of ROS (Schneider et al. 2010); and
(2) attachment of nanoparticles on the bacterial surface, leading to disruption of

Fig. 6.4 Mechanism of antibacterial activity of silver nanoparticles (NPs). ROS reactive oxygen
species
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cellular function. It was argued that the improved charge density and zeta potential
increase size-dependent ZnO-NP interaction with proteins related to bacterial mem-
brane proteins, thereby disturbing the membrane permeability. The augmented
permeability increases size-dependent accumulation of ZnO-NPs inside the cyto-
plasm, altering physiological processes and causing disorganization of the cell. The
interaction and accumulation are accompanied by ROS and alterations in the mem-
brane potential of the bacterial cell. The phenomenon significantly differs between
Gram-positive and Gram-negative bacterial strains. In Gram-positive bacteria such
as Micrococcus luteus, attachment of ZnO-NPs takes place through secY alpha
helix barrel proteins, leading to internalization inside the cytoplasm, whereas in
Gram-negative bacterial such as E. coli, the phenomenon is carried out with the
help of beta barrel proteins and other proteins such as bamB, bamC, bamD, and
bamE. The internalized nanoparticles induce oxidative stress by interacting with
consequential proteins. In M. luteus (a Gram-positive bacteria), ZnO-NPs directly
impact the functionality of sodA protein. When sodA interrelates with ZnO-NPs,
which consist of oxygen vacancies, these oxygen vacancies are further filled by the
oxygen relesed from water molecules with enhanced generation of ROS. In the
case of the Gram-negative bacteria E. coli, ZnO-NPs interact with dnaK, creating
hyperosmotic pressure and leading to activation of soxR protein. The vacant
oxygen of the ZnO-NP gets recognised by oxyR protein and transferred to sodC,
leading to enhancement of ROS in the cytoplasm. The collective effect of these
factors has been reported to destabilize the cellular functionality, promoting cell
lysis. The detailed mechanism can be viewed through the schematic presentation
shown in Fig. 6.5.

6.3.2 Cytotoxicity of Green-Synthesized Metal and Metal
Oxide NPs (Ag-NPs and ZnO-NPs)

The cytotoxicity of a nanoparticle is defined as the induction of abnormal cell
activities, leading to cell death by their exposure. Determination of cytotoxicity
has been considered an important parameter for proposing any nanomaterial for
clinical applications. To determine the cytotoxicity of an engineered nanoparticle,
different biological models are used nowadays. They have been defined as in vitro
and in vivo evaluation procedures. In vitro evaluation has been described as deter-
mination of cytotoxicity (or, conversely, biocompatibility) by use of mammalian cell
lines as a model, while in vivo evaluation describes cytotoxicity determination in
live models such as the mouse, rat, or zebrafish. Ag-NPs and ZnO-NPs have been
reported to exhibit cytotoxicity apart from their antibacterial efficacy. A number of
studies have described the cytotoxic effects of Ag-NPs on neuronal cells (Hussain
et al. 2006), rat liver cells (Hussain et al. 2005), murine stem cells (Braydich-Stolle
et al. 2005), and human lung epithelial cells (Lam et al. 2004). The basic mechanism
of Ag-NP toxicity has been understood for a long time; however, a detailed
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explanation is still lacking. Ag-NPs that get internalized inside a cell through
permeation of the cell membrane increase the levels of intracellular Ag+, leading
to cytotoxic and genotoxic effects carried out through the interruption of cell
transport (Choi and Hu 2008). Internalization of Ag-NPs has been reported to
depend on their size. Smaller Ag-NPs penetrate cell walls and membranes, while
larger Ag-NPs get internalized through the endosomal pathway (Xia et al. 2006).
With regard to these basic mechanisms, the whole processes have been defined by
many researchers. The mechanisms have been described in terms of three major
cellular phenomena happening during their exposure: (1) oxidative stress generation,
(2) DNA damage, and (3) changes in immunological factors such as cytokine
production. Uptake of Ag-NPs can induce generation of ROS at higher levels,
which results in oxidative stress and genotoxic effects. Induction of ROS proceeds
toward disruption of flux of ions and electrons across the mitochondrial membrane,
leading to either apoptosis or necrosis (AshaRani et al. 2009; Arora et al. 2008). The
ROS induction, however, varies according to the physiochemical properties of the
Ag-NPs.

As far as genotoxicity induced by Ag-NPs is concerned, the toxic effects are
induced by DNA damage, as shown in the case of IMR90 human lung fibroblasts
and U251 human glioblastoma cells, increasing ROS production, or diminishing
energy production through depletion of ATP generation (Hsin et al. 2008). More-
over, direct DNA damage has also been reported to be caused by Ag-NPs themselves

Fig. 6.5 Mechanism of antibacterial activity of zinc oxide nanoparticles (NPs) against Gram-
positive (+ve) and Gram-negative (�ve) bacterial strains. ROS reactive oxygen species
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(Cha et al. 2008; Kumari et al. 2009). Direct damage has been shown in the case of
mouse embryonic and fibroblast cells, where the damage was due to the effects of
increased expression in DNA repair proteins (Rad51 and H2AX) and dysregulation
of p53 (Ahamed et al. 2008). Apart from this, the mechanism of Ag-NP cytotoxicity
has also been reported to be due to changes in immunological responses. Ag-NPs
have been reported to elicit both stimulatory and suppressive effects on the
production of cytokines associated with the inflammatory response, which were
found to be dependent on physiological parameters such as size, dose, and cell
types. Reports have described enhanced production of proinflammatory response
mediators (tumor necrosis factor (TNF)-α, macrophage inflammatory protein (MIP)-
2, and interleukin (IL)-1β) (Carlson et al. 2008) and increases in IL-1β, IL-6, IL-8,
and TNF-α in human epidermal cells (Greulich et al. 2009).

Though in vitro studies have provided detailed information, in vivo studies have
verified the toxicity of Ag-NPs with regard to their exposure and organism basis.
Acute effects of Ag-NPs on the circulatory system, due to their ingestion or
inhalation, have been reported (Sung et al. 2009). Mice exposed to Ag-NPs have
shown platelet aggregation (Shrivastava et al. 2009). Ag-NPs have been shown to be
accumulated in the mouse liver after exposure (Takenaka et al. 2001). Histopatho-
logical analysis of the liver and bile duct have revealed vacuolization and hepatic
focal necrosis, hyperplasia of bile ducts, increased infiltration of inflammatory cells,
and dilation of central veins (Kim et al. 2008). At the gene level, the genes
responsible for apoptosis and inflammation pathways have also been found to be
in upregulation on Ag-NP exposure (Cha et al. 2008). Toxicity of Ag-NPs has also
been reported in an embryonic zebrafish model. The heart rate, mortality rate, and
hatching rate were reported to be significantly affected by exposure to Ag-NPs, in a
dose-dependent manner (Verma et al. 2018). Changes in morphology such as
abnormal organ formation, pericardial edema, and slow development have also
been reported (Verma et al. 2018).

In brief, the mechanism of toxicity of Ag-NPs has been defined with respect to
both in vitro and in vivo models; however, the detailed understanding has come
mostly from in vitro studies. In vivo studies have illuminated the detail, but it needs
to be explored in more intensive and molecular ways.

Similarly, the cytotoxic effects of ZnO-NPs have also been a matter of discussion
with regard to extensive studies and industrial production of them. The toxicity of
ZnO-NPs has been discussed in the frames of both in vitro and in vivo studies.
Knowledge about toxicity in in vitro models has been obtained on a large scale in
each and every type of cell line. The cytotoxicity of Ag-NPs and ZnO-NPs has been
determined by different groups, by measuring morphological changes as well as
survivability in different cell lines and in vivo models such as zebrafish, as shown in
Figs. 6.6 and 6.7. Cytotoxicity screening in BEAS-2B cells and RAW264.7 murine
macrophages has shown induction of intracellular Ca2+ flux, lowering of the mito-
chondrial membrane potential, and loss of membrane integrity.

Uptake has been reported to occur via the lysosomal pathway (Verma et al. 2018).
Similarly, A549 cell exposure to ZnO-NPs has revealed induced toxicity through
ROS generation, oxidative stress, and activation of caspase-3 and caspase-9 in a
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dose- and time-dependent manner (Ahamed et al. 2011). Moreover, proteins such as
bax and bc2 have been found to be upregulated and downregulated with significant
effects on cells. Exposure of colon cells such as HCT116, HaCaT, and CaCo2 to
ZnO has also shown significant toxicity. The immediate effects leading to cell death

Fig. 6.6 Cytotoxicity of silver nanoparticles (NPs): morphology analysis of HCT116 colon cancer
cells in the presence of 50 μg/ml and 250 μg/ml concentrations of Ag-NPs after treatment for 24 h
and 48 h (Verma et al. 2017b). BT Bacillus thuringiensis, EC Escherichia coli, SA Staphylococcus
aureus, ST Salmonella typhimurium

Fig. 6.7 Morphological analysis of zebrafish embryos exposed to 50 μg/ml of zinc oxide
nanoparticles (NPs) at different times postfertilization. Significant accumulation of bulk ZnO and
ZnO-NPs was observed at 24 h. At 10 h, embryos exposed to ZnO-NPs showed acute effects, with
pericardial edema and notochord bending (Verma et al. 2017d)
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included oxidative stress, decreased viability, decreased glutathione, depolarization
of the inner mitochondrial membrane, apoptosis, and IL-8 release (De Berardis et al.
2010). In H1355 cells, these NPs were found to induce lactate dehydrogenase (LDH)
release, depolarization of the mitochondrial membrane potential, and caspase-3
activation. In conclusion, ZnO nanorods induced apoptosis involving p53, survivin,
bax/bcl-2, and caspase pathways. Thus, in view of the reports available, the mech-
anism of in vitro toxicity of ZnO-NPs can be sketched as a phenomenon induced by
accumulation and internalization of ZnO-NPs inside cells, leading to interaction with
cell membranes and their disruption. The internalized ZnO-NPs interact with the
cytoplasmic content and produce oxidative stress, which, in turn, dysregulates the
functionality of proteins related to cellular functions. The oxidative stress that is
generated also affects the nuclear bodies, causing genotoxic effects such as DNA
damage and cell cycle arrest. The detailed mechanism can be viewed in Fig. 6.8.

With respect to in vivo studies, many reports have been published showing
toxicity of ZnO-NPs in in vivo models such as the mouse and zebrafish. However,
a detailed understanding of in vivo toxicity is yet to be established. Intraperitoneal
administration of ZnO-NPs (2.5 g/kg of body weight (bw)) was shown to result in
their accumulation in the liver, spleen, lung, kidney, and heart (Li et al. 2012), while
oral administration in the same dose caused their accumulation in the liver, spleen,
lung, and kidney (Li et al. 2012). Dermal exposure has shown significant effects on
the skin of mice (Tso et al. 2010). Moreover, toxic effects of ZnO-NPs have also
been reported in zebrafish embryos. Significant changes in the hatching rate, mor-
tality rate, and heart rate were reported, with exhibition of malfunctioned organ
development (Verma et al. 2017d). Acute effects have also been observed, such as
pericardial edema and notochord bending. Recent studies have shown that these
effects are caused by interaction of ZnO-NPs with cell function proteins, influencing
their enzymatic function and cellular physiological activities such as ROS

Fig. 6.8 Mechanism of cytotoxicity of metal nanoparticles (NPs). ROS reactive oxygen species
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regulation, apoptosis, and necrosis. In view of these reports, the in vivo toxicity can
be described as an effect of dysregulated expression of ROS production, leading to
greater apoptosis and other cell death–related phenomena.

6.4 Conclusion

Advancements in nanotechnology have drawn interest from the whole scientific
community toward the implications in different aspects. The involvement of industry
has increased the production of nanomaterials, especially metal and metal oxide
nanoparticles, in leaps and bounds. This extensive production has drawn the atten-
tion of the community toward biocompatible and green synthesis of these
nanoparticles, which has been achieved by the use of different approaches such as
high-energy ball milling, and plant and biological agent extraction methodology.
With the help of these approaches, many metal and metal oxide nanoparticles such as
silver and zinc oxide nanoparticles (Ag-NPs and ZnO-NPs) have been synthesized.
These green-synthesized nanoparticles have been found to exhibit significant bene-
ficial and harmful biological effects. Their beneficial effects include antibacterial
effects, and their harmful effects include toxic effects on humans and the environ-
ment. Green-synthesized nanoparticles have been shown to be beneficial in respect
of their high antibacterial efficacy with biocompatibility on the same platform. Detail
mechanistic study has been conducted in both respects. Antibacterial activities of
metal and metal oxide nanoparticles such as Ag-NPs and ZnO-NPs has been shown
in respect of elucidation of the mechanism. The basic mechanism that has been
elucidated involves production of oxidative stress, followed by their internalization
and cell membrane interaction. Moreover, these nanoparticles have been shown to
exhibit a molecular interaction with the nucleus as well as cell proteins, constituting
a effective cause of the antibacterial phenomenon. Apart from their antibacterial
activities, the cytotoxicity of these nanoparticles has been a matter of concern, which
has been studied in mechanistic detail in both in vitro and in vivo models. In vitro
model studies have been able to illustrate the mechanism of cytotoxicity in detail;
however, in vivo studies are still in progress for a clear illustration of the mechanism.
Future studies will be aimed at explanation and further exploration of the mecha-
nisms in both clinical and environmental aspects.
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as Photocatalyst
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Abstract In recent era, plasmonic photocatalysts have facilitated rapid progress in
improving the photocatalytic efficiency under visible light irradiation, increasing the
prospect of using sunlight for environmental and energy applications, such as
wastewater treatment, water splitting, and carbon dioxide reduction. Plasmonic
photocatalysis makes use of noble metal NPs dispersed in semiconductor
photocatalysts and has two prominent features, a Schottky junction and localized
SPR effect. With the advances in fundamental and experimental studies on plasmon-
mediated photocatalysis, the rational design and synthesis of metal/semiconductor
and carbon-based hybrid nanostructures as photocatalysts have been realized. This
chapter highlights a recently reported and easy methodology for the fabrication of
SPR-based materials and its real developments in plasmon-mediated photocatalytic
mechanisms, such as Schottky junctions, direct electron transfer, enhanced local
electric field, plasmon resonant energy transfer, and scattering and heating effects. In
addition, this chapter also summarizes the factors, size, shape, geometry, loading,
and composition of plasmonic metal, as well as the nanostructure and properties of
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semiconductors that mainly affect the photodegradation of dyes. Finally, a
perspective on future directions within this rich field of research is provided.

Keywords Metal nanoparticles · Au and Ag · Surface plasmon resonance · Visible
light · Photocatalysis · Water treatment

7.1 Introduction

Visible light sources are a clean, renewable, and abundant energy alternative to fossil
fuels (Liu et al. 2011). In addition to direct light-to-electricity conversion,
photocatalysis provides an alternative method for storing energy in chemical
bonds that can be released later without producing harmful by-products (Zeitler
2009). This is a kind of green chemical synthesis because of its abundance and
environment-friendly nature. Considerable efforts have been made to use visible
light as a driving force for chemical synthesis processes. Nevertheless, the potential
applications of photochemical reactions have been limited by the inability of most
organic molecules to absorb light in the visible range of the spectrum (Lang et al.
2014). Consequently, recent reviews on general organic photocatalysis highlighted
the design of highly efficient photocatalysts to bring significant progress in an easy,
scalable, and biogenic synthesis (Lang et al. 2014; Daniel and Astruc 2004; Wang
et al. 2012a). Plasmonic photocatalysis has recently come into focus as a very
promising technology for the high-performance photodegradation of harmful dyes
(Wang et al. 2012a; Nan Zhang et al. 2012; Linic et al. 2011). This process involves
the dispersal of noble metal nanoparticles (mostly Au and Ag, tens to hundreds of
nanometers in size) into semiconductor photocatalysts and obtain drastic enhance-
ment of photoreactivity under the visible light irradiation (Linic et al. 2011; Yu et al.
2011; Nan Zhang et al. 2014). Extensive work has been made to develop effective
photocatalysts for the degradation of organic harmful pollutants (Ahmad et al. 2015).
Dyes are generally toxic, carcinogenic, and harmful with adverse effects on human
and animal health (Nan Zhang et al. 2012; Jian LongWang and Xu 2012). Most dyes
are recycled because their release into the aquatic and marine environments could be
a source of severe ecological pollution (Chong et al. 2010; Yu et al. 2010). Different
kinds of dyes have many applications in numerous industries, including, plastic,
paper, rubber, furniture, textile, concrete, and medicine (Yu et al. 2010). Among the
industries, the textile industry is the main consumer of toxic dyes. Approximately
10% of the dyes used in industry are liquidated directly into the atmosphere as a
pollutant, which is ecologically unsafe and esthetically unacceptable (Lettmann et al.
2001). Based on several studies, SPR-based nanomaterials have promising applica-
tions in dye degradation for wastewater treatment. At present, the most extensively
studied nanomaterials for wastewater treatment mainly include zerovalent metal
nanoparticles/nanostructures and carbon-based metal nanostructures. (Mingkui
Wang et al. 2010).
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Figure 7.1 represents the different categories of dyes that are openly released as
waste in aqueous streams from several industries (Camarero et al. 2003; William IV
et al. 2008). The direct release of enormous amounts of toxic dyes is unavoidable
because the individual textile industry consumes immense amounts of water and
dyes are not consumed completely by the fibers during the dyeing procedure (Muhd
Julkapli et al. 2014; Jie et al. 2013). These high concentrations of dyes in effluents
interfere with the dispersion of visible light in water, causing interference to photo-
synthesis and a decrease in gas solubility. Furthermore, artificial dyes, which contain
an aromatic ring in their structure, are noxious and carcinogenic compounds (Salleh
et al. 2011; He et al. 2011). Photocatalytic reactions can be classified into two types:
homogeneous and heterogeneous photocatalysis. The most prominent features of the
photocatalytic system are the required band gap, suitable morphology, high surface
area, stability, reusability, and special SPR effect. This chapter focuses on the recent
progress in the fabrication, decoration/anchoring, modification, and water treatment
applications of SPR-based effect of metal NPs as photocatalysts, which provides
perspectives on future water treatment developments.

7.2 Metal (Au and Ag) Nanoparticles

Noble metals, such as gold (Au), silver (Ag), platinum (Pt), and palladium (Pd), have
been assessed for potential visible light applications. Particular attention on Au and
AgNPs has been studied widely because of their unique optical and electronic
properties together with their many applications in electronics, photonics, catalysis,

Fig. 7.1 Different category of dyes and its derivatives
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and nano-biotechnology (Daniel and Astruc 2004; Burda et al. 2005). AuNPs have
also attracted remarkable attention for both heterogeneous and homogeneous visible
light-induced catalysis (Haruta 2005). Recently, the localized surface plasmon
resonance (LSPR) effect of nanostructured materials, e.g., Ag and AuNPs, has
been applied successfully to photocatalysis under visible light irradiation and
shown to be quite promising. Therefore, the present chapter deals selectively with
plasmonic nanogold photocatalysis with the main focus on the following (Hashmi
and Hutchings 2006):

(i) Basic concepts of the SPR effect of metal NPs.
(ii) Metal NP-based plasmonic photocatalyst preparation methods.
(iii) Recent developments in the efficient Au- and AgNP-based plasmonic

photocatalysis.
(iv) Application of plasmonic photocatalysis to energy conversion processes that

are driven by visible light.
(v) Possible reaction mechanisms of SPR-enhanced photocatalytic activity: In

conclusion, the challenges and probable future applications will be highlighted.

7.3 Surface Plasmon Resonance Effect

Mie’s theory defines the special SPR as the resonant photon-induced coherent
oscillation of charges at the metal–dielectric interface that are recognized when the
photon frequency matches the natural frequency of the metal surface electrons
oscillating against the restoring force of their positive nuclei (Sarina et al. 2013).

When the wavelength of incident light is in the range of the SPR absorption of
noble metal NPs, the electrons are excited by SPR to the conduction band (Fuku et al.
2013). For example, the resonance energy of AuNPs usually occurs in the visible
range (λ¼ 530 nm, depending on the size, shape, and diffraction index of the medium
of AuNPs). The interaction between the resonant photons and the surface electrons
results in a high absorption coefficient of photons in resonance with the plasmon
excitation and capacitive coupling between clusters of plasmonic AuNPs. Figure 7.2
presents the process of the displacement of electron density. The columbic restoring
force that is caused by oscillations in the NP is established, and the resonance between
the oscillations and incident light is known as SPR (Kelly et al. 2003).

Fig. 7.2 Schematic
diagram of SPR in small
spherical metallic NPs under
visible light irradiation
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Mayer et al. described the basis of the SPR effect in a review (Link and El-Sayed
2000) and provided detailed illustrations of the mechanisms of the plasmonic
enhancement to photocatalysis. This review provided a better understanding of the
physical principles of the special effect of SPR and hence with only brief introduc-
tion. When small spherical metallic NPs are under visible light irradiation, the
number of electrons decreases on one side of the NPs and increases on the other
side. This causes a redistribution of charge density. The redistributed charge density
produces an electric field inside and outside the metal NPs with a direction that is
opposite to that of the electric field of the light, as shown clearly in Fig. 7.1.

7.4 Basic Concepts and Beneficial Effects of SPR

The basic concept of special SPR effect is comprised of the following. A collective
oscillation of free electrons in metal NPs is driven by the electromagnetic field of
incident light, in which the metallic NPs absorb visible and infrared light in partic-
ular regions. For example, Au and AgNPs show a strong photoabsorption band of
visible light because of their surface plasmon, which displays maxima at approxi-
mately λ ¼ 530 and λ ¼ 400 nm, respectively (Khan et al. 2015a, b, c). On the other
hand, nanostructured AgNPs are oxidized easily, whereas AuNPs are more chemi-
cally stable in the presence of oxygen (Rayalu et al. 2013).

Recently, we successfully introduced this unique property to the new field of
plasmonic photocatalysts to catalyze organic reactions and water splitting (Khan
et al. 2015a, b, c). Plasmonic photocatalysis offers a new opportunity to solve the
limited efficiency of photocatalysts and photovoltaic devices. In these reactions,
nanostructured plasmonic metals are combined frequently with a semiconductor-
based material (e.g., SnO2, TiO2, WO3, and CeO2, namely, plasmonic
photocatalysts), and the catalytic activity and efficiency are enhanced greatly by
the SPR effect that improves the solar-energy-conversion efficiency in the following
aspects (Khan et al. 2015a, b, c, 2016; Nayak et al. 2017):

(i) Near-field enhancement of localized plasmon
(ii) Increase of the scattering effect
(iii) Excitation of e�/h+ pairs in the semiconductor due to the plasmonic energy

transfer from the metal to the semiconductor

Figure 7.3 shows the special beneficial effects of plasmonic catalyst under visible
light irradiation. Plasmonic photocatalysis has attracted recent attention as a hopeful
technology for the high-performance photocatalytic degradation of harmful dyes
(Kochuveedu et al. 2013; Wang et al. 2012a), (Nan Zhang et al. 2012; Linic et al.
2011). This involves the distribution of noble metal nanoparticles (generally Au and
AgNPs) into semiconductor photocatalysts and obtains strong enhancement of the
photoreactivity under a broad range of visible light. The use of noble metal
nanoparticles has numerous benefits in the field of photocatalysis.
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Compared to the common semiconductor photocatalysis, plasmonic
photocatalysis has two distinct features: Schottky junction and localized surface
plasmon resonance; each feature benefits photocatalysis in a different way. For
example, a Schottky junction results from the contact of a noble metal and semi-
conductor. This builds up an internal electric field in a region inside the photocatalyst
but close to the metal/semiconductor interface. This would force the electrons and
holes to move in different directions once they are formed inside or near the Schottky
junction (Wang et al. 2012b). In addition, the metal fraction provides a quick lane for
charge transfer, and its surface acts as a charge-trapping center to host more active
sites for photoreactions. The Schottky junction and the fast lane charge transfer work
together to reduce electron–hole recombination charge (Chang et al. 2007; Xuming
Zhang et al. 2013).

7.5 Preparation Methods of Metal NPs as Photocatalysts

Various sets of chemical, physical, and biological methods for the preparation of
plasmonic photocatalysts are available. Examples include chemical reduction, phys-
ical vapor deposition, hydrothermal, and electrochemically active biofilm-assisted
synthesis methods for the fabrication of plasmonic photocatalysts (Zhu et al. 2010;
Hou and Cronin 2013; Wang et al. 2012a; Khan et al. 2015a, b, c). A series of
synthesis methods have been adopted for the fabrication of metal NPs that would be
ideally controllable in terms of their shape, size, morphology, cost, environmental
friendliness, and high product yield with fewer waste products (Fig. 7.4).

Metal nanoparticles show a high abundance of surface plasmon excitation. For
example, Au and AgNPs have attracted considerable attention because of the spatial

Fig. 7.3 Major special
beneficial effects of SPR for
improved photocatalysis
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SPR effect in the visible spectrum range, which can be used in numerous environ-
mental remediation applications (Sun and Xia 2002; Jian Zhang et al. 2009). The
surface plasmon properties of metal NPs are dependent on their shape, size, and
morphology. The specific morphology of metal NPs is a noteworthy concern that
affects their special plasmonic behavior (Gramotnev and Bozhevolnyi 2010). Sev-
eral methods have been used for the fabrication of metal NPs with a controlled size
and shape. The metal precursor is mixed with a reducing agent in the presence of a
stabilizing agent that is used to control the size and shape of metal NPs. Similarly,
AgNO3 (silver nitrate), as a precursor, can be used because of its low cost and high
abundance. More than a few reducing agents, such as sodium citrate, sodium
borohydride, and electrochemically developed biofilms are used to reduce the
metal ions present in solution to metal, metal oxide/Ag nanocomposites. On the
other hand, in most cases, stabilizing/capping agents are introduced to manage and
stabilize the morphology of the resulting metal NPs. Despite this, in photochemical
synthesis, a variation of light treatment methods is assumed to produce metal NPs.
Light-mediated synthesis has been applied to the fabrication of NPs, e.g., laser
ablation or direct laser irradiation of an aqueous solution of metal salt precursor in
the presence of a surfactant to make an accurate shape, size, and distribution of metal
NPs, where the light source works as a reducing agent (Yee et al. 1999; Lim et al.
2006; Sharma et al. 2009).

The biological route is considered a green and sustainable methodology that has
attracted substantial attention because of its potential to address the energy and
environmentally related issues. The development/growth of biofilms using microor-
ganisms is a biological approach for the fabrication of different kinds of metal
nanoparticles and nanocomposites (Kalathil et al. 2011). Bio-electrochemical

Fig. 7.4 Several
preparation methods for the
metal nanoparticles
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systems (BESs) use microorganisms as a catalyst in electrochemical reactions. The
best recognized BES is the microbial fuel cell (MFC), which can be used in metal-
consuming microorganisms to transform the chemical energy of the substrates
dissolved in wastewater to electrical energy. BESs can be used for power generation
from wastewater, power-driven electricity production, bioremediation, and
biosensing applications. In recent times, mixed culture-developed biofilms were
reported to be a biogenic reducing tool for the synthesis of NPs (Au, Ag, and
Cys � Ag) and metal-graphene nanocomposites (Khan et al. 2012, 2013, 2015a,
b, c). The main benefit of these procedures is that the mixed culture-developed
biofilms are used as the reducing tool that does not involve an exterior energy
contribution, toxic chemicals, or expensive solvents. In addition, the reactions
occur at room temperature, which makes the formation of nanoparticles/
nanocomposites highly efficient.

7.6 Effect of Plasmonic Resonance in Photocatalysis

7.6.1 Plasmonic Resonance Mechanisms

In highly conductive nanocomposites, free electrons are confined locally. When the
as-fabricated nanomaterials are irradiated with electromagnetic energy at the plasma
frequency, the spatial electron density redistributes and produces an electric field.
Concurrently, a columbic restoring force of the positively charged surface nuclei is
present and induces collective oscillations of the charges in the particle, which are
similar to an oscillating spring after stretch and release (Warren and Thimsen 2012).
Such oscillations of electrons and electromagnetic fields are defined as localized
surface plasmons. In the state of localized surface plasmonic resonance (LSPR)
induced by the radiation of a specific LSPR wavelength, the free electrons will
oscillate with the maximum amplitude. LSPR is characterized by a buildup of
intense, spatially nonhomogeneous oscillating electrical fields in the vicinity of the
nanostructure (Linic et al. 2011). In such a way, the energy of incident radiation is
transferred to the plasmonic particles. The LSPR profile can be tuned by tailoring
several parameters, such as their nano-size, shape, interparticle distance, and nature
of the surrounding medium (Linic et al. 2011; Clavero 2014; Liz-Marzán 2006; Kale
et al. 2013).

The fundamental principle in the photocatalytic degradation of dyes or pollutants
is when the metal nanoparticles, as a catalyst, are irradiated with photons with an
energy greater than or equal to their band-gap energy (Eg), an electron (e�-cb) is
excited from the valence band to the conduction band, which leaves a hole (h+-vb).
The excited electrons and holes then migrate to the surface of another state. The rate
of charge recombination is inhibited frequently by a scavenger or another doped
material, which can easily trap the electrons or holes. Accordingly, better crystalline
nanostructure materials with fewer defects can minimize the trapping states and
charge recombination sites, which results in improved efficiency in the use of the
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photogenerated transporters for the desired photoreactions. For higher photocatalytic
efficiency, the electron–hole pairs should be separated well, and the charges should
be transferred rapidly across the surface/interface to impede recombination (Linic
et al. 2015).

7.7 Photocatalytic Dye Decomposition Processes

Photocatalysis can be used for the degradation of environmentally harmful dyes,
photocatalytic hydrogen evolution, and photosynthesis of useful chemicals. The
basic mechanisms of nano-semiconductor-based photocatalysis comprise photo-
chemical processes of visible light absorption, electron-hole pair generation, sepa-
ration, and free charge carrier-induced redox reactions. This is beneficial for a wide
range of applications, such as wastewater treatment, air purification, water splitting,
and the self-cleaning of surfaces (Linic et al. 2015).

Table 7.1 lists the performances of novel plasmonic nanocomposites with
graphene sheets as base materials. Numerous studies have chosen organic dyes as
the pollutant because the degradation process can be examined simply through the
variations in the photoabsorption of the responding or degrading solution.

Table 7.1 Comparative results of photocatalytic dye degradation performances using different
nanostructures

Nanocomposites Dye as pollutant Light source
Degradation
result References

Au-graphene Methylene blue (λ > 420 nm) 64% Khan et al.

Ag-graphene Methylene blue and
Congo red

(λ > 420 nm) 65% and 90% Khan et al.

Pt-graphene/TiO2 Methylene blue (8 W,
λ > 420 nm)

93% S.yYe
et al.

Graphene-gold Methylene blue, RhB
and orange II

(λ > 420 nm) 88.6%, 27.6%,
and 8.5%

Zhao et al.

Pt-Pd-graphene Basic fuchsin and indigo
carmine dyes

(λ > 420 nm) 70% and 65% Kurt et al.

Pt/graphene Rhodamine B and meth-
ylene blue

8 W, halogen
lamp

70% and 82% Oh et al.

Au@TiO2-
graphene

Acid blue 92 125 W mer-
cury lamp

72% and 43% Setayesh
et al.

(λ > 574 nm)

Au@TiO2/
graphene

2,4-dichlorophenol
(2,4-DCP)

(λ > 420 nm) 78% Shi et al.

Ag-Au on graphene
sheets

4-nitrophenol (λ > 420 nm) 97.38% Dhole
et al.

Au–Pd-reduced
graphene oxide

2-chlorophenol Sunlight 100% Yamauchi
et al.
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7.7.1 Photochemical Mechanism

Photocatalysis can be applied effectively to the photodegradation of environmentally
harmful matter, photocatalytic hydrogen evolution, and photosynthesis of useful
chemicals. The emerging technologies have attracted considerable research interest.
The basic mechanisms of nano-semiconductor-based photocatalysis involve the
photochemical processes of light absorption, electron-hole pair generation, and the
separation and free charge carrier-induced redox reactions, as shown in Fig. 7.5.

Metal/semiconductor hybrid structures are usually employed for plasmonic
photocatalysis applications. There are some insightful review addressing the mech-
anisms (Hou and Cronin 2013; Jiang et al. 2014). The charge-transfer mechanism
also affects the photochemical selectivity of LSPR-mediated photocatalysis
(Xuming Zhang et al. 2013). In a study of the SPR-mediated oxidation of
p-aminothiophenol (PATP), when Au nanoparticles were used as a catalyst, the
LSPR-mediated oxidation of PATP yielded p,p-dimercaptobenzene (DMAB). On
the other hand, no DMAB evolution was detected when the AuNPs were loaded onto
a metal oxide (TiO2 NPs) under LSPR spectral irradiation, as the hot electrons were
injected from the AuNPs to the conduction band (CB) of TiO2 NPs. When UV
illumination was introduced, p-nitrophenol (PNTP) formed from PATP in a single
step, which was attributed to electron transfer from the UV-excited TiO2 to AuNPs.
Interestingly, when the UV illumination was stopped, the PNTP molecules were
reduced further to DMAB. This suggests that the charge-transfer mechanism may
play an important role in LSPR-mediated photocatalysis to manipulate the reaction
activity, product formation, and selectivity (Hou and Cronin 2013; Jiang et al. 2014).

Fig. 7.5 Schematic diagram of plasmonic-mediated photocatalysis under visible light irradiation
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The photodegradation of organic pollutants by semiconductor-based photocatalysts
is an economical, clean, and effective means for water and air purification. In typical
aqueous solution-based photocatalytic reactions, upon photoexcitation, either the
photogenerated energetic charge carriers will react with the solvent to form highly
reactive radicals that can break the chemical bonds of the organic pollutants or the
charge carriers will be transferred directly to the reactants adsorbed on the surface of
the catalysts to induce photochemical transformations. Either way, the organic
pollutants are degraded photocatalytically into short-chain molecules or eventually
into CO2 and H2O. The photocatalytic reactions are strongly dependent on the
absolute surface area, light absorption properties, energy band level, and charge
separation potential of the photocatalyst. The beneficial surface plasmonic effect on
photocatalysis has been proven. Upon plasmonic excitation, the elevated field
increases the rate of energetic charge carrier generation, resulting in a higher
probability of redox reactions (Ni et al. 2007; Priebe et al. 2015). Efforts have
been made for better morphology control, more suitable energy coupling, and
novel hybrid structures to achieve higher efficiency and better stability of the
catalyst. Many studies chose organic dyes as the representative pollutant because
the degradation process can be monitored simply through changes in the
photoabsorption of the reacting solution.

7.8 Conclusion

This study reviewed the recent developments of plasmon-enhanced photocatalysis,
particularly on the three major functions of the plasmonic effect, i.e., (i) light
absorption, (ii) hot electron injection, and (iii) near-field enhancement. The
plasmon-based mechanisms and their photonic effects showed that the plasmon
effect is a very promising strategy to improve the photocatalytic performance of
metal/metal oxides. Significant advances have been made to extend the technology
for practical applications. In the future, constant research should address the follow-
ing concerns:

1. Although the plasmonic enhancement has been found to be useful for
photocatalysis applications, considerable effort is needed to develop the material
and architecture for optimization.

2. The photostability and chemical stability of plasmonic materials are not up to the
work particularly when complicated morphologies with high structural energies
are required. While many studies have reported more robustness of the plasmonic
materials, the exchange between protection and efficiency needs to be addressed.

3. Bare Au and AgNPs are effective but expensive. Low-cost plasmonic metals with
carbon-based materials, such as Ag-graphene/g-C3N4 or Au-graphene/g-C3N4,
should be fabricated using easy and scalable methodologies.
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4. The limited understanding of the interaction between plasmonic materials and
electrolyte in plasmonic effects hinders the development of novel, effective
materials.
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Abstract This review paper focuses on the use of iron oxide nanocomposites for
the removal of hexavalent chromium, Cr(VI), from wastewater. Cr(VI) is very
toxic and carcinogenic as compared to Cr(III) and can cause health defects such as
liver, lung and kidney damage. It is mostly expelled from untreated or partially
treated effluents from mining operation, electroplating and water cooling activities.
As a result, these activities produce effluents with higher concentration levels of Cr
(VI) than the acceptable discharge limits of 0.1 and 0.05 mg/L in inland surface
water and drinking water, respectively, as regulated by the World Health Organi-
sation (WHO). This review paper summarises the performance of different water
treatment technologies studied on the last decade. Adsorption technology has
emerged as an attractive method for Cr(VI) removal from industrial wastewater
amongst the mentioned methods. Hence, the adsorption isotherms and kinetics
models are also discussed in this review paper. The factors such as the effect of
solution pH, temperature, initial Cr(VI) concentration, adsorbent dosage and other
coexisting ions are also briefly discussed. In this review, magnetic polymers reveal
good result than other techniques used in water treatment because of its high
surface area (surface/volume ratio). It is suggested that these may be used in the
future at large-scale water purification. It is also found that the polymer rich with
amino groups (polypyrrole and polyaniline) enhanced Cr (VI) removal efficiency.
From the results, it is evident that more attention needs to be paid on the industrial
application of the technologies which were successful in the laboratory scale. In
the future, combination of both copolymers may be the best option for treatment of
wastewater.
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8.1 Introduction

8.1.1 Background of Water Pollution

The detoxification of noxious pollutants from wastewater is vital due to the danger-
ous effects that they impose on the health of human beings, terrestrial and aquatic
organisms. Due to growth in population, there is a need to produce more basic needs
such as food, shelter, clothing and electricity and provide safe drinking water to meet
the increasing population demand. During production of the above-mentioned basic
needs, there is discharge of toxic waste (generated during production activities)
which results in polluting the existing water systems (Barrera-Díaz et al. 2012).
There are various pollutants such as biological, organic and inorganic (depending on
the source) (Barrera-Díaz et al. 2012; Kera et al. 2017); hence, the next section fully
discusses different types of pollutants that can be found in the water streams.

8.1.2 Water Pollutants

A water pollutant is a material that is present in water systems and is harmful to
living organisms, even when it exists in trace amounts. The effect of these materials
can either be acute or chronic through their bioaccumulation nature in the environ-
ment. Different types of water pollutants include (Cui et al. 2015; Kanchi 2014;
M’Bareck et al. 2006).

• Pathogens – these are viruses and bacteria.
• Macroscopic pollutants – these include all the garbage, i.e. plastics, broken glass,

empty aluminium containers, etc.
• Organic pollutants – such as dyes, chlorinated solvents and phenolic compounds.
• Inorganic pollutants – phosphates, nitrates and heavy metals.

8.1.2.1 Pathogens and Macroscopic Pollutants

Pathogens can be bacteria, protozoa or viruses. For example, bacteria are commonly
found in water system and start to be harmful if their number increases above safe
levels.

The well-known pathogenic bacteria are Escherichia coli and coliform bacteria.
The presence of E.coli bacteria in water systems is mostly associated with human
and animal waste, which normally comes from poor management of sewage systems
(Narayan 2010; Li et al. 2008a, b). Macroscopic pollutants are noticeable objects
found in waterways, which have been thrown or disposed illegally directly, washed
off by rain or blown by wind into water systems (Bielefeldt et al. 2009). Materials
such as nurdles (small plastic pellets), pieces of wood, metals from shipwrecks and
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shipping containers form part of macroscopic pollutants and can be managed.
However, urgent removal of these pollutants is necessary, to avoid disruption of
aquatic systems and environmental contamination upon their chemical breakdown.

8.1.2.2 Organic Pollutants

Organic pollutants are usually those materials that contain aromatic rings in their
structure. The existence of various organic pollutants such as dyes, chlorinated and
aliphatic compounds (including chlorobenzene and carbon tetrachloride) and phe-
nolic compounds (nitrophenol and chlorophenol) is of critical concern (Angelidaki
and Sanders 2004). Dyes from textile, paper, pigment and plastic industries cause
decolouration of water, which can negatively impact aquatic life by tempering with
the photosynthetic process (Zhou et al. 2015; Srinivasan and Viraraghavan 2010).
For example, methylene blue dye is very harmful to humans and can cause burning
sensation, nausea, vomiting and mental confusion after ingestion (Mahdavinia and
Massoumi 2012). Hence, nanocomposites are used to remove and decompose dyes
from wastewater. For example, Ameen et al. 2012 reported on the degradation of
Rose Benga (RB) dye by polyaniline-reduced graphene nanocomposites, which was
prepared by chemical oxidative polymerization. The authors investigated the
photocatalytic activity of the prepared nanocomposites under light irradiation. Chlo-
rinated and phenolic compounds are mostly used in pesticides, detergents, fertilisers,
solvents industries, etc. Chlorinated compounds have a tendency to form toxic
by-products, e.g. trichloromethane, when they are in contact with organic matter
(Rafatullah et al. 2010; Tran et al. 2015).

8.1.2.3 Inorganic Pollutants

Agricultural activities are the main source for inorganic pollutants such as phos-
phates, nitrates and sulphates. They usually enter water systems through surface
water run-off (Chowdhury and Viraraghavan 2009; Bhatnagar and Sillanpää 2011).
Nitrates and phosphates in drinking water usually originate from fertilisers or from
animal or human wastes. Their concentrations in water tend to be highest in areas of
intensive agriculture or where there is a high density of septic system (Bhatnagar and
M. Sillanpää 2011; Blaney et al. 2007; Tyagi et al. 2018). Sulphates normally are
present at some level in all private water systems. Sulphates occur naturally as a
result of leaching from sulphur deposits in the earth. It has a secondary drinking
water standard of 250 mg/L because it may impart a bitter taste to the water at this
level (Zhang et al. 2017). The general sources of heavy metals are weathering of
rocks (due to their abundance in nature) and mining industries (as a result of mineral
process of metal ores) (Dou et al. 2017). Water pollution caused by toxic heavy
metals including nickel, cadmium, lead, mercury, chromium, arsenic and copper is a
major global concern, owing to their acute toxicity and enduring accumulation
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(Duruibe et al. 2007). Unlike other organic pollutants, heavy metals are problematic
since they are mutagenic and carcinogenic and are not biodegradable. They can
bio-accumulate in living tissues and become concentrated throughout the food chain
(Sounthararajah et al. 2015). Some of the health effects include kidney, liver and
lung damages which are caused by ingestion of lead, cadmium and chromium.
Nickel metal may result in various adverse effects such as allergic reaction resulting
in contact dermatitis if exposure is prolonged (Horst et al. 2016). Arsenic is known to
cause skin lesions, hyperkeratosis and cancer (Duruibe et al. 2007; Sounthararajah
et al. 2015). Its sources include agricultural use of arsenical herbicides, pesticides
and crop desiccants (Tirtom et al. 2012; Yoon et al. 2016). Another issue associated
with heavy metals is their ability to exist as different species which are environmen-
tally stable and having high mobility (Badruddoza et al. 2013; Choppala et al. 2018).
For example, chromium exists in various oxidation states ranging from Cr(II) to Cr
(VI). In aqueous environment the most stable oxidation states of chromium are Cr
(III) and Cr(VI) (Kunhikrishnan et al. 2017).

Cr(III) Speciation

Cr(III) species is less toxic compared to the Cr(VI) species. It can serve as an
essential micronutrients for human, plant and animal metabolism at trace levels
(Shahid et al. 2017). One of the functions of Cr(III) is to break down glucose and
fats; hence, it is contained in some supplements used for weight loss and perfor-
mance enhancement (Wang et al. 2013; Hu et al. 2016). Cr(III) is less soluble and
immobile as compared to Cr(VI) and can be easily removed from wastewater by
chemical precipitation (Kotaśâ and Stasicka 2000; Zhao et al. 2010). The decrease in
the solubility of Cr(III) species is due to the complexation of OH– ligands (Pattnaik
and Equeenuddin 2016). In aqueous solution, Cr(III) species complexes with
hydroxides and exists as Cr(OH)3. At lower pH and in the presence of H2O and
H+ (Fig. 8.1), Cr(III) exists as hexaaquachromium (3+) (Cr(H2O)6

3+). The
deprotonation of Cr(H2O)6

3+ reaction is represented in Eq. 8.1 (Wang et al. 2013;
Hu et al. 2016):

Cr OHð Þ2 H2Oð Þ4þ þ H2O $ Cr OHð Þ3:aqþ H3O
þ ð8:1Þ

At increased pH values, Cr(OH)3.aq displays amphoteric behaviour and is
converted to soluble tetraoxo complex through the following reaction in Eq. 8.2:

Cr OHð Þ3: sð Þ þ 2H2O $ Cr OHð Þ4� þ H3O
þ ð8:2Þ

Moreover, Cr(III) is a hard acid, which forms hexacoordinate octahedral com-
plexes with various ligands including water, ammonia and organic ligands
containing nitrogen and oxygen donor atoms (Pattnaik and Equeenuddin 2016).
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Cr(VI) Speciation

Hexavalent chromium (Cr(VI)) species is considered the most toxic stable form of
Cr that exists in aqueous solution (Jin et al. 2016). Species of Cr(VI) is known to be
more soluble and mobile in the environment as compared to Cr(III). The strong
oxidising ability of Cr(VI) makes it carcinogenic, since it can easily diffuse
through membrane cell and oxidise biological molecules (Shahid et al. 2017;
Bhaumik et al. 2014a, b; Dhal et al. 2013). In water, Cr(VI) is present as oxyanions
which are HCrO4

–, Cr2O7
2– and CrO4

2– depending on the pH of the aqueous
solution, the redox potential and Cr(VI) concentration as indicated by Fig. 8.1
(Hao et al. 2013). At lower pH values between 2 and 6.5, the prevailing species of
Cr(VI) is HCrO4

–. As the pH value 6.5 increases, HCrO4
– gets converted into

CrO4
2– and Cr2O7

2– (Wang et al. 2014). The deprotonation reactions that form
these Cr(VI) species are represented in Eqs. 8.3, 8.4 and 8.5:

H2CrO4 $ Hþ þ HCrO4
� ð8:3Þ
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Fig. 8.1 The Eh-pH diagram of Cr-O-H system (Kotasâ and Z. Stasicka 2000)
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HCrO4
� $ Hþ þ CrO4

2� ð8:4Þ
2HCrO4

� $ Cr2O7
2� þ H2O ð8:5Þ

In acidic aqueous environment, Cr(VI) species display a very high potential redox
that is between 1.33 and 1.38 V. This indicates that it is a strong oxidising agent that
may be unstable in the presence of electron donors, resulting to its reduction to Cr
(III) as represented by Eq. 8.6 (Hu et al. 2016):

HCrO4
� þ 7Hþ þ 3e� $ Cr3þ þ 4H2O ð8:6Þ

Since the reduction of HCrO4
– is accompanied by proton consumption, decrease

in acidity reduces the formal potential (Barrera-Díaz et al. 2012).

8.1.3 Health and Environmental Effects of Cr(VI)

Chromium is placed on the top of the priority list of toxic pollutants by the United
States Environmental Protection Agency (US-EPA 1990). According to the Agency
for Toxic Substances and Disease Registry, it is the 7th amongst the top 20 list of
lethal substances (Kunhikrishnan et al. 2017). The carcinogenic nature of hexavalent
chromium compounds was recognised first in the late nineteenth century when nasal
tumours were detected in Scottish chrome pigment workers (Sun et al. 2015). Cr
(VI) species are of global concern because they can be freely adsorbed by marine
animals and enter the human food chains, therefore, posing health hazards to
consumers (Mitra et al. 2011). The readily uptake of Cr(VI) by mammalian and
bacterial cells is through sulphate transport systems which is due to the structural
similarities of Cr(VI) species to SO4

2– (Edebali and Pehlivan 2010). Hexavalent Cr
species causes cancer and mutation by damaging the DNA-protein cross-links and
also by causing single-strand breaks in living cells (Patra et al. 2010). The other
environmental hazard caused by Cr(VI) include soil pollution. The presence of high
concentration of Cr(VI) in the soil cause disruptions in number, type, health and
activity of soil organisms, thus destroying the natural soil enzymes that help
maintain good soil quality (Zhao et al. 2010). Therefore, there is a need to remove
this toxic heavy metal pollutant from industrial wastewater prior to release into the
environment.

8.2 Water Treatment Methods

There are several methods that have been implemented to remove Cr(VI) species
from industrial wastewater are shown in Fig. 8.2. For instance, membranes are
susceptible to fouling which is triggered by rejected colloids, chemicals and
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microbes. This fouling drawback results in higher energy and clean-up costs and
continuous replacement of membranes (Lytle et al. 1998; Kim and Van Der Bruggen
2010). Reverse osmosis has been reported to be efficient in heavy metals removal;
however, it utilises high energy because its operation requires high pressure and
limited pH range (Goh et al. 2015; Das et al. 2006; Rad et al. 2009). Chemical
precipitation involves a reaction amongst a chemical precipitant and heavy metal
ions, which yields an insoluble suspension that can be separated from water through
sedimentation or filtration (Zhu et al. 2013). However, it cannot be directly applied
for the removal of Cr(VI) species, since Cr(VI) is very soluble in aqueous solution
(Sun et al. 2015; Patra et al. 2010; Rad et al. 2009). Chemical coagulation has been
reported to be efficient in the removal of Cr(VI) by adding chemical coagulants such
as aluminium or iron salts (Adeleye et al. 2016). These chemical coagulants are
added in order to overcome the repulsive forces between particles. The types of
coagulants may be inorganic electrolytes, organic polymers or synthetic polyelec-
trolytes (Zhu et al. 2013). Chemical precipitation and coagulation are expensive
methods, since they involve the use of luxurious chemical reagents. They also
require cautious control and monitoring of the systems to avoid adding excess
chemicals. The systems may be affected by amphoteric nature of other compounds
due to the presence of multiple metal species, resulting in poor treatment. The major
challenge of both coagulation and precipitation is the production of large amounts of
sludge that is generally harmful owing to the presence of toxic heavy metals

Fig. 8.2 Different water treatment methods for Cr(VI) removal from wastewater
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removed (Zhu et al. 2013; Adeleye et al. 2016). Biological reduction of Cr(VI) has
also been reported, wherein enzymes and microorganisms are used to reduce it to
less toxic Cr(III). The drawbacks associated with this process include low activity,
production and stability of the enzymes (Akbal and Camc 2011). Adsorption
technology has emerged as an attractive method for Cr(VI) removal from industrial
wastewater amongst the mentioned methods. This process has advantages such as
high efficiency, ease operation and low cost depending on the type of adsorbent
chosen (Thatoi et al. 2014; Ali 2016).

8.3 Adsorption Technology

Adsorption process involves the accumulation or adherence of gas, liquid or
dissolved solid molecules on the surface of a solid (Wang et al. 2015a, b). This
process occurs when the adsorbate (molecule or ion that is being adsorbed) attaches
itself on the surface of the adsorbent (material that provides surface for adsorption)
via physical attachment or chemical bonding (Scheme 8.1) (Wang et al. 2015a, b;
Yan et al. 2015). Consequently, the process of adsorption is regarded as a mass
transfer system (diffusion, migration and convection), typically from a liquid or
gaseous phase to solid phase. During adsorption process, there is movement of
adsorbate molecules from bulk solution to the active sites available on the surface
of the adsorbent. Based on the adsorption mechanism, there could be different
interactions such as van der Waals, Columbic and Lewis acid-base (Foo and Hameed
2010; Milonjić et al. 2007; González et al. 2016). Adsorbents are distinguished by
active sites which are able to interact with particles from bulk solution as a result of
their specific electronic and spatial properties (Hintermeyer et al. 2008). Adsorption
active sites may have the same or different energy, depending on the type of material
surface. Due to its principle, the concept of adsorption has been gaining interest for
application in various applications such as hydrogen storage (Worch 2012) sensing
(Monama et al. 2018), CO2 capture (Xia et al. 2010), water treatment (Jeppua and
Clement 2012) and biomedical field (drugs delivery) (Zare et al. 2015). The opposite
of adsorption is called desorption, which is the release of adsorbed species from the
adsorbent surface, back into the bulk solution (Hintermeyer et al. 2008).

Recently, adsorption technique is mostly applied in wastewater remediation for
the removal of toxic pollutants, due to its simplicity and cost effective (Akbarzadeh
et al. 2012). The efficiency of the adsorbents is optimised through batch mode, and
then if the adsorption process shows a high removal efficiency, it can be explored for
column adsorption studies (Zhao et al. 2011). The column adsorption technique is
mostly important for industrial-scale adsorption processes. It is a continuous flow
adsorption process in which an adsorbent is arranged in a fixed bed and is in turn
operated in adsorption and regeneration mode (Ali 2014). Factors that affect the
adsorption process in wastewater treatment include (Kera et al. 2017; González et al.
2016; Zhao et al. 2011):
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• Charge of the adsorbent and adsorbate (cationic, anionic or neutral)
• pH of the aqueous solution
• The temperature of the solution
• The concentration of the adsorbate
• The dosage of the adsorbent
• The surface area of the adsorbent

During adsorption, the interaction between an adsorbent and adsorbate often
reaches equilibrium. The point of equilibrium is reached if the pollutant comes
into contact with the adsorbent surface and gets adsorbed, and then after sometime,
the amount of pollutant adsorbed becomes saturated (Zhao et al. 2011).

8.3.1 Equilibrium Adsorption Isotherms

Equilibrium relationship between an adsorbate and adsorbent is referred to as
adsorption isotherm, which is described as the relationship between the quantity of
pollutant adsorbed on the adsorbent surface and that remaining in solution at
constant temperature (Montagnaro and Balsamo 2014). Equilibrium adsorption iso-
therms are vital for adsorption systems as they assist in predicting adsorption
parameters. These parameters can be used qualitatively and quantitatively to com-
pare the behaviour of adsorbents for different adsorption systems of varying exper-
imental conditions (Yan et al. 2015). They are essential for optimising adsorption
mechanisms, expressing the surface characteristics and adsorption capacities of
adsorbents (Yan et al. 2015; Montagnaro and Balsamo 2014). Various adsorption
isotherm models to evaluate adsorption data include Langmuir, Freundlich, Dubinin-
Kaganer-Radushkevich, Harkin-Jura and Temkin model. The most commonly used

Scheme 8.1 Summary of the concept of adsorption
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models in literature for adsorption are the Freundlich and Langmuir isotherms (Zhao
et al. 2011; Montagnaro and Balsamo 2014). The efficiency of the adsorbent can be
predicted by computing the parameter values of these isotherm models.

8.3.1.1 Langmuir Isotherm Model

The Langmuir isotherm model was initially established to explain gas-solid phase
adsorption onto the surface of the activated carbon (Wang et al. 2015a, b). This
model is now applied to quantify and differentiate the performance of various
adsorbents (Yan et al. 2015; Asgari et al. 2014). The model’s theory assumes a
monolayer surface coverage of the adsorbate onto an adsorbent surface where all the
adsorption active sites have the same energy [El-khaiary 2008; Allen et al. 2003).
The adsorbed layer is regarded to be one molecule in thickness, with adsorption
occurring at constant temperature only at fixed number of localised sites, which are
equal and having adsorbed molecules which can no longer interact or have steric
hindrance between them, even if they occupy adjacent sites (Yan et al. 2015).
Graphically, the Langmuir isotherm model is characterised by a plateau, at which
an equilibrium saturation point is reached. At this point, no further adsorption can
occur once the adsorbate molecules or ions have occupied the available adsorption
active site (Thatoi et al. 2014; Yan et al. 2015; El-khaiary 2008). The mathematical
representation of the Langmuir isotherm model is represented by Eq. 8.7:

qe
qm

¼ KLCe

1þ KLCe
ð8:7Þ

where qe (mg/g) and qm (mg/g) represent the equilibrium adsorption capacity and
maximum adsorption capacity of the adsorbent, Ce (mg/L) denotes the final equilib-
rium concentration of the adsorbate in the aqueous solution and KL (L/mg) is the
Langmuir constant that relates to the energy of adsorption (Yan et al. 2015). The
linear form of the Langmuir isotherm is in Eq. 8.8:

Ce

qe
¼ 1

qm KL
þ Ce

qm
ð8:8Þ

The isothermal models are transformed to linear forms and linear regression in
order to estimate the adsorption model parameters. The linear forms of these
equation models can be easily applied to the adsorption (Wang et al. 2015a, b).
Another important parameter is the dimensionless Langmuir constant, known as
separation factor (RL), which can be deduced from Eq. 8.9:

RL ¼ 1
1þ KLC0

ð8:9Þ
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where Co (mg/L) represents the initial concentration of the adsorbate. The RL value is
used to determine if the adsorption process is favoured or unflavoured. In simple
terms, the nature of adsorption process is favoured if 0 < RL < 1, unflavoured if
RL > 1, linear for RL ¼ 1 and irreversible for RL ¼ 0 (Yan et al. 2015).

8.3.1.2 Freundlich Isotherm Model

The Freundlich isotherm model is the ancient known relation used to describe
nonideal and reversible adsorption, not limited to the emergence of monolayer
adsorption. Its development was initially for the adsorption of animal charcoal.
The results demonstrated that the ratio of the adsorbed material onto a given mass
of adsorbent to the solute was changing at different concentrations of the solution
(Yan et al. 2015). The Freundlich isotherm model can be applied to multilayer
adsorption that has non-uniform dispersal of adsorption heat and affinities over the
heterogeneous surface (Montagnaro and Balsamo 2014). In context, the model
assumes that the amount of adsorbed molecules is added for all active sites having
distinct bond energy, with the stronger binding sites being occupied first. The system
is continuous until the adsorption process is complete and adsorption energy
decreases exponentially (Yan et al. 2015; El-khaiary 2008). The Freundlich isotherm
model is represented by Eq. 8.10:

qe ¼ KFC
1=n
e ð8:10Þ

where KF denotes the Freundlich adsorption constant (mg/g)(L/g)n and 1/n is
associated with the determination of adsorption intensity (El-khaiary 2008). This
multilayer adsorption model does not have the linear transformations and therefore
was linearised by taking the logarithm of both sides of empirical equation as shown
in Eq. 8.11 (Montagnaro and Balsamo 2014):

ln qe ¼ lnKF þ 1
n
lnCe ð8:11Þ

Currently, Freundlich isotherm model is commonly used in heterogeneous sys-
tems for organic compounds, activated carbon or molecular sieves having exceed-
ingly interactive species. The adsorption intensity or surface heterogeneity is
measured with slope values ranging between 0 and 1. The surface of the adsorbent
becomes more heterogeneous if the adsorption intensity value approaches zero. If
the 1/n value is above on, it indicates cooperative adsorption and implies chemi-
sorption below a unity value. The Freundlich model correlates well with Langmuir
model at adequate concentrations. At lower concentrations, it deviates from Henry’s
Law, by not reducing to linear isotherm, and this is due to lack of fundamental basics
of thermodynamics (Montagnaro and M. Balsamo 2014; El-khaiary 2008).
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8.3.1.3 Thermodynamics Parameters

In overall, thermodynamics simply defines the changes of matter as a function of
state variables such as pressure, temperature and chemical composition (Vi and
Belton 1976). Therefore, adsorption process can be referred to as the simple adjust-
ment in the state of adsorbate, i.e.:

C ! CadsΔG
� ð8:12Þ

where C (mg/L) is the molar concentration of the adsorbate in bulk solution, Cads

(mg/L) represents the adsorbed concentration at time and ΔG� (kJ/mol) describes the
change in effective free energy of adsorption (Hirth and Rice 1980). The adsorption
process is favoured if ΔG� decreases with an increase in the adsorbate concentration,
and therefore ΔG� can be described by Eq. 8.13, respectively (Liu and Liu 2008):

ΔG0 ¼ �RT ln Keq ð8:13Þ

where equilibrium constant Keq (L/mol) represents the ratio of equilibrium concen-
tration of adsorbed molecules to that remaining in bulk solution, T (K) represents the
absolute temperature and R (J/mol.K) is the gas constant. The values of ΔG� can be
calculated using the Keq values obtained from the adsorption isotherm data of
different experimental temperatures (Hirth and Rice 1980; Kara et al. 2015). Since
ΔG� is a function of the change in enthalpy (ΔH� (kJ/mol)) of adsorption and change
in entropy (ΔS� (kJ/mol)), it can be written as in Eq. 8.14:

ΔG0 ¼ ΔH0 � ΔT0 ð8:14Þ

A combination of Eqs. 8.13 and 8.14 reduces to Eq. 8.15:

lnKeq ¼ ΔS0

R
� ΔH0

RT
ð8:15Þ

It is shown from Eq. 8.15 that both (ΔH�) and (ΔS�) can be deduced experimen-
tally from a plot of lnKeq against 1/T, where the slope denotes enthalpy change and
entropy change is represented by the intercept (Hirth and Rice 1980).

8.3.2 Adsorption Kinetics

Adsorption rate for the removal of contaminants from solid/liquid systems is com-
plex subject as compared to the theoretical analysis of adsorption equilibrium
(Jeppua and Clement 2012). The adsorption equilibrium takes into account only
the final distributions of the pollutants amongst the solid and aqueous phases,
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independent of adsorbate transportation and capturing steps which are involved in
the sorption process that are time-dependent (Ali 2014). Predicting the rate at which
pollutants move from bulk solution to the surface of the adsorbent is an essential
factor used for determining the efficiency of adsorption process. There are various
endeavours which have been implemented to formulate general mathematical
expressions that can be applied to sufficiently describe the kinetics of adsorption
in such systems (Bisinella et al. 2016). Generally, the rate at which pollutants are
adsorbed to the adsorbent surface is dependent on both the actual attachment of the
pollutants onto the available adsorptive sites (described by the equivalent kinetic and
equilibrium constant parameters) and their mass transfer towards these active sites
represented by analogous diffusion coefficient (Plazinski et al. 2009). Kinetics study
of solid/liquid schemes are carried out under batch mode of adsorption, and data
obtained from the remaining concentration of adsorbate in solution is fitted to an
appropriate kinetic model. The most commonly applied adsorption models are
pseudo-first and pseudo-second order (Tripathi and Tabor 2016). However, it is
recognised that the overall rate of adsorption on a porous solid may be explained by
three consecutive steps mechanism, i.e. (Miyake et al. 2013):

• External mass transport, which is the flow of the adsorbate through the liquid
phase adjoining the adsorbent particles

• Intraparticle diffusion, which represents the distribution within the adsorbent
particle and can result from either pore or surface or a mixture of the two

• Surface reaction that refers to adsorption rate at the interior sites

Many adsorption systems have the surface reaction step being the fastest process
and the intraparticle or film diffusion being the rate determining step (Miyake et al.
2013; Yao and Chen 2017).

8.3.2.1 Pseudo-First-Order Model

The introduction of the first empirical rate equation was presented by Lagergren
during the end of the nineteenth century (Vi and Belton 1976). His rate equation was
developed for kinetics studies of oxalic and malonic acids adsorption onto charcoal
(Bisinella et al. 2016). The first order or Lagergren equation is regarded as first order
with respect to concentration of adsorbate, and solid-liquid adsorption systems are
regarded as the pseudo-first-order equation (Ofomaja 2010). The mathematical
expression of the model is represented by Eq. 8.16 (Marczewski et al. 2010; Eris
and Azizian 2017):

dqt
dt

¼ k1 qe � qtð Þ ð8:16Þ

where qt (mg/g) describes the amount of molecules or ions adsorbed at specified time
of adsorption, qe (mg/g) is the amount adsorbed at equilibrium state per unit mass of
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the adsorbent and k1 (1/min) represents the pseudo-first-order rate coefficient. The
linearised form of the equation is obtained by integrating the empirical equation
using the boundary condition q(t¼ 0)¼ 0, and it reduces to Eq. 8.17 (Ofomaja 2010;
Marczewski 2010):

ln qe � qtð Þ ¼ lnqe � k1t ð8:17Þ

The parameters qe and k1 are normally calculated from the generally accepted
linear regression procedure, constructed from the above empirical equation. The rate
coefficient, k1, is an important parameter since it determines how fast the equilibrium
can be reached within the reaction scheme. The increase in the value of k1means that
the time required for the system to reach equilibrium is less and the value is
maintained (Bisinella et al. 2016; Ofomaja 2010).

8.3.2.2 Pseudo-Second-Order Model

Second-order and pseudo-second models are the most commonly used kinetics
mathematical expression whereby second order is concentration dependent and
pseudo-second-order reaction is adsorption dependent. These models are
represented in Eq. 8.18 (Ofomaja 2010):

dqt
dt

¼ k2 qe � qtð Þ2 ð8:18Þ

where k2 (g/mg�min) is the rate coefficient for second-order models. Its integrated
form is represented by Eq. 8.19 and is widely used in its linear form due to the
simplicity to approximate equilibrium adsorption (Azizian and Fallah 2010):

t

qt
¼ 1

k2q2t
þ 1
qe

t ð8:19Þ

The earliest usage of the second-order equations was reported by Ritchie in 1974,
followed by Blanchard in 1984; however, Ho is the well-known dynamic promoter
of the equation (Haerifar and Azizian 2013). The pseudo-second-order equation was
well demonstrated theoretically by Eris and Azizian (2017) and revealed that if the
concentration changes significantly during experiment, it will show some properties
of Langmuir rate equation. Rendering to a theoretical study that was shown by
Azizian, the pseudo-second-order model rate coefficient (k2) is a complex function
of the initial solute concentration (Azizian and Fallah 2010). Some scientists proved,
using statistical rate theory, that the second-order rate equation can be able to
approximate the behaviour of adsorption kinetics that involves intensely heteroge-
neous solids (Ofomaja 2010; Haerifar and Azizian 2013).
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8.3.2.3 Intraparticle Diffusion Model

Ballav et al. (2012) discussed the application of intraparticle diffusion (IPD) model,
which is given in three various forms as follows:

• Adsorption amount, qt, at a certain time is plotted against the square root of time
(t0.5) to obtain a straight line curve which is forcefully passing through the origin.

• Multi-linearity is taken into account in the plot of qt against t
0.5; thus, two or three

steps are involved in the entire procedure. Hence, the initial occurring step is
external surface adsorption or instantaneous adsorption. The second step involves
gradual adsorption, which controls intraparticle diffusion. The final step is equil-
ibration, where solutes migrate gradually from bigger pores to micropores caus-
ing a slow adsorption rate.

• qt is plotted against t0.5 to obtain a straight line but does not necessarily pass
through the origin; that is, there is an intercept (Yao and Chen 2017; Marczewski
2010).

The most commonly used intraparticle diffusion equation for adsorption system is
specified by Weber and Morris as given in Eq. 8.20:

qt ¼ kit
0:5 þ C ð8:20Þ

where ki (mg g�1 min�0.5) denotes the intraparticle diffusion rate constant and C is
the y-intercept which is obtainable through extrapolating the linear portion of the
plot of qt against t

0.5, and it provides ideas about extent of the boundary layer
thickness (Yao and Chen 2017; Wu et al. 2009; Doke and Khan 2017).

8.4 Adsorbents for Cr(VI) Removal

In adsorption technology, the most important aspects to be considered are the choice
and design of the adsorbent material. The selection of the appropriate adsorbent
material is mainly based on the properties such as surface area, the presence of active
sites, selectivity, stability, ability to be recovered after use and the rapidness of the
adsorption process (Soleimani and Siahpoosh 2015; Chauke et al. 2015).
Conventional adsorbents that have been utilised for the removal of heavy metals
especially Cr(VI) include activated carbon, biosorbents and low-cost adsorbents
such as fly ash, clay, zeolites, polymers and lignin by-products (Haerifar and Azizian
2013; Marczewski 2010; Wu et al. 2009). The challenges associated with some of
these adsorbents include low adsorption capacities, inadequate chemical stability,
long intraparticle diffusion distance, separation and recovery of adsorbent following
remediation (Soleimani and Siahpoosh 2015; Chauke et al. 2015; Qu et al. 2013).
Table 8.1 shows some of the adsorbents that have been reported for Cr
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(VI) adsorption (Marczewski 2010; Qu et al. 2013; Karthik and Meenakshi 2014;
Dileepa Chathuranga et al. 2013; Akar et al. 2009). Amongst these adsorbents,
polymers have shown to have a range of highest adsorption capacity for Cr
(VI) removal from wastewater.

8.5 Background of Polymers

Polymers are macromolecules made up of repeating units named monomers, which
are clasped together by covalent bonds. These materials normally have higher
molecular weight. The types of polymers that exist include biopolymers, which
refer to the naturally occurring ones and synthetic polymers which are resulting from
chemical reactions of monomers. Naturally existing polymers include proteins,
cellulose, latex and starch (Mahmud et al. 2016). Synthetic polymers are usually
manufactured on a large scale for commercialisation owing to their interesting
properties which have a diverse range of applications. For instance, polymers such
as polyethylene (PE), polystyrene (PS) and polypropylene (PP) are used as packag-
ing materials due to their exceptional mechanical properties such as tensile and tear
strength (Mahmud et al. 2016; Siracusa and Dalla 2008). The process in which
polymers are formed is called polymerisation which involves the linkage of a
reactive intermediate. This process is governed by the nature of the intermediate
and can be classified according to the following (Wang et al. 2010; Pitsikalls 2013):

• Radical polymerisation – in which a radical is responsible for the initiation step
and the process propagates via a reactive carbon radical.

• Cationic polymerisation – in this type of process, an acid is an initiator, and the
process propagates a reactive site carbocation.

• Anionic polymerisation – in which a nucleophile initiates the process and the
reaction proceeds through a reactive carbo-anion.

• Coordination catalytic polymerisation – in which the activator is a transition
metal complex and the reaction proceeds via site reactive terminal catalytic
complex.

Table 8.1 Adsorbents for Cr(VI) adsorption

Adsorbents
Adsorption capacity
(mg/g)

Initial concentration
(mg/L) References

Activated
carbon

151.51 100 Wu et al. (2009)

Biomass 4.7 5 Karthik and Meenakshi
(2014)

Natural clay 9.9 100 Dileepa Chathuranga et al.
(2013)

Fly ash 4.35 50 Akar et al. (2009)

Polymers 3.4–485 100 Gupta and Ali (2004)
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8.5.1 Conducting Polymers

Conducting polymers (CPs) are types of synthetic polymers possessing conjugated
π-electron (they have C¼C alternating bonds) backbone which exhibit uncommon
electronic properties such as low energy optical transition and ionisation potentials
as well as high electron affinities (Akar et al. 2009). The conductivity of these
polymers arises due to their easiness of being oxidised or reduced as compared to
conventional polymers. The two ways of the process of doping in CPs are simplified
by Eqs. 8.21 and 8.22:

Cp ! Cpnþ A�ð Þn þ ne� p� dopingð Þ ð8:21Þ
Cpþ ne� ! Cþð ÞnCpn� n� dopingð Þ ð8:22Þ

The p-doping is when the polymer gets oxidised with (counter) anions, whereas
n-doping is when the polymer is reduced with (counter) cations. In general, the
discharge reactions are the reverse of the mentioned equations, and some CPs,
especially polythiophene, can undergo both doping processes (Hutchinson 2013).
Various factors that affect the conductivity of conducting polymers include the
polaron length, conjugation length, overall chain length as well as the charge transfer
between adjacent molecules (Snook et al. 2011; Stenger-Smith 1998; Gerard et al.
2002). The commonly known conducting polymers and their structures are listed in
Fig. 8.3, respectively.

The inherent properties of conducting polymers include the combination of both
electrical characteristics of the metals and attractive features of polymers such as

Fig. 8.3 Molecular structures of various conducting polymers
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resist chemical attack and corrosion resistance, lighter weight, greater workability
and their cost effective synthesis (Snook et al. 2011; Gerard et al. 2002). Owing to
these interesting properties, conducting polymers have gained attention for various
industrial applications including biosensors (Brooke et al. 2017; Monama et al.
2018), energy storage devices (i.e. supercapacitors, batteries and solar cells) (Hutch-
inson 2013; Ziadan 2012), corrosion inhibitors, biomedical engineering (Ates 2013)
as well as wastewater treatment (Fan and J. Maier 2006; Hao et al. 2013). More
research is being done on the removal of Cr(VI) and its reduction to less toxic Cr(III)
that involves its complexation with conducting polymers (Ravichandran et al. 2010;
Bhaumik et al. 2015). Based on the results arising from these studies, conducting
polymers have been used in the analysis of other toxic heavy metals present in the
environment (Bhaumik et al. 2015). Amongst these conducting polymers,
polypyrrole (PPy) and polyaniline (PANI) are the most popular polymers used in
water purification technologies (Dhal et al. 2013; Wang et al. 2015a, b; Krishnani
et al. 2013). This is owing to their high stability in ambient conditions, wide range of
tunable conductivity as well as incredible electroactivity. As a result, other
researchers have given their attention to chemical reactions and physical interactions
occurring between conducting polymers and toxic heavy metal ions (Bhaumik et al.
2015; Olad and Nabavi 2007; Bhaumik et al. 2012).

8.5.1.1 Polypyrrole

Polypyrrole (PPy) has received greater attention in a wide range of application due to
its ease synthesis, adequate electrical conductivity, good biocompatibility, interest-
ing electronic and redox properties, environmental friendliness, low cost and easi-
ness synthesis. Other advantageous properties of PPy that are essential for other
technological includes thermal stability and biodegradation in composition with
biodegradable polymers (Brooke et al. 2017). For adsorption purpose, PPy contains
cationic nitrogen atoms that can effectively adsorb heavy metals. And some of the
counterions are included into the growing polymer chain to maintain charge neu-
trality. The incorporated ions can help to facilitate metal adsorption through ion
exchange which is a proper aspect for water treatment (Bhaumik et al. 2012, 2016).

Polypyrrole was first synthesised in the 1916, and it showed high electrical
conductivity as compared to all other polymers (Wang et al. 2015a, b). As a result,
it gained popularity for application in various fields such as biosensor, gas sensors,
adsorption, wires and electrolytic capacitors (Wang et al. 2010; Ziadan 2012). For
application in Cr(VI) adsorption, PPy was reported focusing on its derivatives and
composites for detoxification of Cr(VI) from aqueous phase (Ates 2013). The
authors further synthesised PPy and carbon black alloy, which additional increased
Cr(VI) adsorption capacity (Wang et al. 2011). Bhaumik et al. (2012) synthesised
PPy-PANI nanofibers with the maximum adsorption capacity of 227 mg/g at pH
2 and 25 �C for 100 mg/L Cr(VI) solution. Kera and co-workers (Bilal et al. 2015;
Zhao et al. 2015) prepared PPy/DABSA and PPy-mPD via in situ chemical poly-
merisation. They obtained maximum adsorption capacities of 303 and 526 mg/g at
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pH and 25 �C for 100 mg/L Cr(VI) solution, respectively. Ballav et al. (2012)
reported PPy-glycine composite for Cr(VI) removal, which had the Langmuir
maximum adsorption capacity of 217.39 mg/g for 100 mg/L Cr(VI) at pH 2 and
25 �C. Li et al. (2012) synthesised PPy-GO composite with the maximum adsorption
capacity of 497.1 mg/g for a 0.2 mg/L of Cr(VI) at pH 3 and 25 �C. The two
commonly used methods for preparing PPy are oxidative chemical and electrochem-
ical polymerisation (Ballav et al. 2012).

Chemical Polymerisation

Chemical polymerisation is the simplest polymerisation process which is faster and
does not require specialised instrumentation. This process involves oxidative poly-
merisation of pyrrole monomer to polypyrrole, which occurs through a one electron
oxidation of pyrrole to a radical cation. The resultant radical couples with another
radical forms 2,2-‘bipyrrole, which continues coupling and forming longer PPy
chain as shown by the Scheme 8.2 (Li et al. 2012; Wang et al. 2001; Kumar et al.
2015a, b).

Chemical oxidative polymerisation results in bulk quantities of PPy, which is
obtainable in fine powder form. This process is achievable through oxidative
polymerisation of pyrrole monomer with a suitable chemical oxidant and can be in
aqueous or nonaqueous solvents or via chemical vapour deposition. However, using
chemical polymerisation restricts the amount of counterions that may be

Scheme 8.2 Chemical polymerisation of pyrrole monomer
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incorporated, and this restricts the range of conducting polymers that can be pro-
duced. The process is seemingly a common and beneficial tool for the synthesis of
conductive polymer composites and dispersed particles in aqueous media (Kausaite-
minkstimiene et al. 2015). The regularly used chemical oxidants for the preparation
of CPs in aqueous phase, during this process, are (NH4)2S2O7 and FeCl3 (Tan and
Ghandi 2013). The suitable chemical oxidant for chemical polymerisation has been
identified as iron (III) chloride, whereas water is regarded as the ideal solvent in
terms of appropriate conductivity characteristics (Ansari 2006). The overall stoichi-
ometry resulting from chemical polymerisation of PPy with ferric chloride oxidant is
shown in Scheme 8.2. In the chemical polymerisation of pyrrole, charge neutrality
over the polymer backbone is sustained by anions introduced onto the polymer from
the reaction solution. The anions are typically from the chemical or reduced product
of the oxidant. For instance, if FeCl3 or Cl2 are utilised as oxidants, then Cl– ion is
blend in as counterion (Kausaite-minkstimiene et al. 2015).

Electrochemical Polymerisation

The electrochemical polymerisation involves making electroactive/conductive films,
wherein CPs are deposited on conductive substrates (Tan and Ghandi 2013; Lange
et al. 2008). This method is very flexible and offers a facile way of varying film
properties by merely changing the electrolysis conditions such as electrode potential,
current density, solvent and electrolyte in a controlled way. The electrochemical
polymerisation mechanism (Scheme 8.3) comprises a variety of steps, which are
listed below (Gerard et al. 2002):

• Forming a radical cation by oxidising a monomer
• Dimerisation of radical cations through proton loss that yields a neutral dimer
• Oxidising the dimer to form its radical cation
• Reaction between dimer radical cation and additional radical cation

Electrochemical polymerisation process can be performed by applying tech-
niques such as (i) galvanostat (i.e. applying constant current), (ii) potentiostat
(using constant voltage) or (iii) cyclic voltammetry (changing the voltage)
(Stenger-Smith 1998; Lange et al. 2008). This method of preparing CPs is complex,
and the type of polymer film can be affected by a variety of factors such as nature and
concentration of monomer/electrolyte, cell conditions, the solvent, electrode, applied
potential and temperature as well as pH.

The electrochemical process is advantageous since the thickness of the film can
be controlled by charge passing through the electrochemical cell during film growth
(Tan and Ghandi 2013). However, the disadvantages of this method include
difficulty in preparing large quantity of polymer, since the polymerisation is
performed on the surface of the electrode. Another drawback is that PPy prepared
electrochemically is often insoluble in common organic solvents as well as in water
(Wang et al. 2001).
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8.5.1.2 Polyaniline

Polyaniline (PANI) and its derivative (polyphenylenediamines) have attained greater
attention in the study of conducting polymers owing to their exceptional electrical
property which has widespread potential applications (Bhaumik et al. 2016). The
three isomers of phenylenediamines are originating from the addition of amino
group onto the ortho-, para- and meta-positions of the aniline (Brezoi 2010).
Phenylenediamines or “amino anilines” can undergo similar oxidation pathways as
aniline and form corresponding oligomers and polymers. Same as PANI and PPy,
these polymers can simply be synthesised by oxidative chemical or electrochemical
polymerisation method. Due to the lower conductivity as compared to polyaniline,
they are ranked amongst non-conductors (Fonner et al. 2008). And since electrical
conductivity is not the only important parameter, phenylenediamines have been used
extensively (Fonner et al. 2008). Polyphenylenediamine (PPD) have been used for
heavy metal ion adsorption owing to their abundant amine/imino functional groups
in the conjugated structure which facilitate more metal adsorption through chelation
or redox reaction as compared with polyaniline (Li et al. 2005; Stejskal 2015).
Consequently, more research work has been dedicated to their application in waste-
water remediation due to their robust adsorbability, rapid adsorption rate and cost
effectiveness than traditional adsorbents such as the activated carbon, clays and
zeolites (Stejskal 2015). However, PPD and PPy are amorphous in nature which
resulted in low surface area and hard to recover in solution. In order to overcome
these drawbacks, nanotechnology may be employed.

Scheme 8.3 Electrochemical polymerisation of pyrrole monomer
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8.6 Nanotechnology

Nanotechnology is a scientific discipline that covers a variety of technologies that are
performed at a nanometre scale. These technologies include the design, production
and application of devices, structures and systems by manipulating the size and
shape at a scale between 1 and 100 nm (Cui et al. 2015; Akbarzadeh et al. 2012).
Different forms of nanomaterials produced include nanowires, nanotubes, films,
particles and quantum dots. These are by far the smallest structures that have been
developed by humans (Kong et al. 2013). Nanotechnology has been applied in
various areas such as energy for hydrogen production and storage (Amer et al.
2013; Anjum et al. 2016) medicine for drug delivery and tissue engineering
(Ramohlola et al. 2017, 2018), cosmetics (Ochubiojo et al. 2012) and in water
treatment for catalysis (Shi et al. 2010) and adsorption (Ssneha 2014). Based on a
wide range of applications, nanoscale offers material with ideal properties such as
high specific surface area, enhanced catalytic properties, antimicrobial activity, high
conductivity, high sensitivity and stability (Tuan et al. 2015). For adsorption pro-
cess, the inherent properties provided by nanomaterials include tuneable surface
chemistry, easy reuse, superparamagnetic and short intraparticle distance (Chauke
et al. 2015). The development and application of nanotechnology for water treatment
has since been at the heart of water research.

8.7 Nanomaterials for Water Treatment

Nanomaterials for water treatment encompasses both organic and inorganic forms
and are classified according to their surface and physical properties depending on the
treatment method that is being implemented (Cui et al. 2015). These nanomaterials
include nano-adsorbents, nano-catalysts, nano-sensors and nano-membranes (Chen
et al. 2014). Nano-catalysts are mainly used for reduction or degradation of contam-
inants (Kong et al. 2013; Brame et al. 2011; Zhang et al. 2016). Nano-sensors are
used for the detection of pollutants in water, through emission of light (Vellaichamy
et al. 2017). Nano-membranes are used for filtration of wastewater leaving the
pollutants on the surface of the membrane and water passing through (Debnath
et al. 2015; Li et al. 2011). For adsorption technology, well-studied nano-adsorbents
include carbon-based nano-adsorbents, metal oxides, metallic nanoparticles,
nanoclays and nanofibers (Cui et al. 2015).

8.7.1 Carbon-Based Nano-adsorbents

Carbon-based nanomaterials are mainly composed of carbon atom, and these include
single-walled carbon nanotubes (SWNT), graphene (G), graphene oxide (GO) and
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multi-walled carbon nanotubes (MWNT) (Zhu et al. 2013; Wu et al. 2014a, b).
These materials have become attractive due to their excellent characteristics which
include high surface area and the ability to inhibit bacterial growth upon contact with
the cells (Zinadini et al. 2014; Smith and Rodrigues 2015). Carbon nanomaterials are
rarely used in their pure form. They can be dispersed in polymers or be doped with
metallic nanoparticles. Functionalisation of carbon-based nanomaterials offers the
following characteristics: improvement in the hydrophilicity of the materials leading
to better dispersion in aqueous solutions and improve the surface charge of the
nanomaterial to increase the electrostatic interaction between the adsorbate and the
adsorbent (Wu et al. 2014a, b). Graphene is a 2D carbon sheet of carbon atoms
bonded through sp2 hybridisation as shown in the Fig. 8.4(a) (Hegab and Zou 2015).
The unique properties of graphene amongst others include high mechanical strength,
thermal and electrical conductivity, flexibility and excellent electronic properties
(Chen et al. 2014; Luo et al. 2013).

GO is a single layer carbon nanomaterial produced by oxidation of graphite layer
(Kong et al. 2013). Various functional groups that forms part of GO the structure
includes hydroxyl, carboxyl, carbonyl and epoxy groups (Chen et al. 2014; Kuilla
et al. 2010). Figure 8.4(b) represents the structure of GO, with hydroxyl and
carboxyl functional groups (Hummers and Offeman 1958) which increases the
adsorption of heavy metal. The attraction of GO is due to its excellent properties
such as light weight, chemical stability, mechanical strength, its two basal planes for
maximum adsorption of heavy metals and easy to synthesise (Kong et al. 2013).
Carbon nanotubes (CNT) are small, concentric cylinders of rolled-up graphene
sheets as shown in Fig. 8.5. Their walls behave as basal plane of graphite, while
their edge plane and tube ends are the electrochemically active sites (Sreeprasad
et al. 2011).

The unique features of CNT which contribute to high removal capacities include
fibrous shape with high aspect ratio, large external surface area and well-developed
mesopores (Chauke et al. 2015; Li et al. 2015a, b). CNT aggregates have high
affinity towards organic pollutants due to the interstitial spaces and grooves, which
are high adsorption energy sites for organic molecules (Chauke et al. 2015).
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Fig. 8.4 Structural arrangements of (a) graphene (Kumar et al. 2017) and (b) graphene oxide
(Maktedar et al. 2014)
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However, single-walled CNT have poor dispersion ability and difficulty in separa-
tion; hence, they are being modified to multi-walled CNT (Kong et al. 2013). The
difference between single-walled carbon nanotubes (SWNTs) and multi-walled
carbon nanotubes (MWNTs) is the number of layers they possess (Cui et al. 2015).

8.7.2 Nanoclays and Nano-fibres

Clays are hydrous aluminium-silicate-bearing minerals with layered sheet structure
held together by van der Waals forces (Khobragade et al. 2016). Adsorption of metal
onto the structure of clay minerals can occur on three types of crystalline surfaces,
which are a hydroxyl, oxygen and particles edges. The oxygen plane is associated
with the silica tetrahedral layer, the hydroxyl plane is associated with alumina
octahedral plane and the irregular lattice structure forms particle edges (Cui et al.
2015; Khobragade et al. 2016). The commonly reported clays for nanocomposite
formation include montmorillonite, laponite and sepiolite and the others (Gupta et al.
2011; Soleimani and Siahpoosh 2016). Montmorillonite has attained much attention
because of its abundance and has high exchange capacity (Shirsath et al. 2011).
Introduction of nanoclays on adsorbents such as polymers and hydrogels provides
the nanocomposite formed with inherent properties which includes good mechanical
and thermal strength (Gupta et al. 2011; Patel et al. 2006). Their porous structure and
ion-exchange properties provide high adsorption capacities for the removal of

Fig. 8.5 The structural difference between (a) multi-walled carbon nanotube and (b) single-walled
carbon nanotube (Santhosh et al. 2016)
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pollutants from wastewater (Srinivasan and Viraraghavan 2010; Soleimani and
Siahpoosh 2016).

Nanofibers can be prepared from different adsorbents such as polymers, metal
oxides and also membranes. The mostly used method for the preparation of
different nanofibers is electrospinning (Akbarzadeh et al. 2012; Kong et al.
2013). The nanoscale diameter of the nanofibers makes them efficient as they
lead to high surface area (Shahid et al. 2017). Different nanofibers such as PPy
nanofibers (Pillai and Ray 2012), PANI nanofibers (Krishnani et al. 2013), sodium
titanate nanofibers (Duruibe et al. 2007) and chitosan/polymethylmethacrylate
(PMMA) fibrous membrane (Srinivasan 2011) have been reported for wastewater
treatment.

8.7.3 Metal Oxide and Metallic Nanoparticles

Metal oxide nanoparticles and metallic nanoparticles have gained popularity in water
treatment due to their outstanding performance and cost effectiveness for removal of
pollutants from wastewater. Metallic and metal oxide nanoparticles are inorganic
nanoparticles which are prepared from non-metals and metals. Various methods for
synthesising these materials include sol-gel method (Al2O3 and TiO2) (Chen et al.
2014), reduction of metal salts (AgNO3, FeCl2 and KMnO4) with reducing agents
such as sodium borohydrate (NaBH4) and hydrazine (Brame et al. 2011; Salem et al.
2016). Xu et al. (2012) followed precipitation method for synthesis of NiO and
Fe3O4. The nanoparticles of metal oxides are characterised by high BET surface
area, minimum environmental impacts and less solubility (Duruibe et al. 2007; Kong
et al. 2013). Metallic and metal oxide nanoparticles which are mostly used include
titanium oxides (TiO2), ferric oxides, nanosized zero-valent iron (Fe

�
), manganese

oxide (MnO2), magnesium oxides (MgO), cerium oxides (Ce2O4) and aluminium
oxides (Al2O3) (Chen et al. 2014). Various studies have suggested that metallic and
metal oxide nanoparticles have considerable adsorption affinity towards heavy metal
pollutants such as chromium, arsenic, cadmium, uranium and other contaminants
like organic and phosphates with regard to high capacity and selectivity (Kong et al.
2013; Chen et al. 2014). For application in water treatment, metal oxide and metallic
nanoparticles have been widely used to form composites with materials such as
polymers (Akbarzadeh et al. 2012), carbonaceous materials (Smith and Rodrigues
2015), membranes (Kim and Van Der Bruggen 2010) and clays (Gupta et al. 2011)
to improve their dispersion stability (Wu et al. 2014a, b). In metal oxides, the
adsorption process is controlled by the complexation between dissolved metals
and oxygen. The first step is the fast adsorption of metal ions on the external surface
of the metals oxides. The second step is the rate-liming intraparticle diffusion taking
place along the micropore walls. At a nanoscale, metal oxides possess high
adsorption capacity and fast kinetics, due to high specific surface area, short
intraparticle diffusion distance and large number of active sites (Rad et al. 2009;
Chauke et al. 2015).
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8.7.4 Magnetic Iron Oxide Nanoparticles

The use of iron oxide for wastewater remediation has gained much interest over the
years, due to its natural occurrence and its simple synthesis (Li et al. 2015a, b; Zhang
et al. 2015; Rasmussen and Muhling 2018). A number of studies have suggested that
iron oxide is cost effective and eco-friendly material to be utilised in the adsorption
of toxic heavy metals (Eslami et al. 2018). Various phases of iron oxide that exist in
nature include magnetic magnetite (Fe3O4), maghemite (γ-Fe2O3) and hydrous ferric
oxides (HFO) and non-magnetic hematite (α-Fe2O3) and goethite (α-FeOOH) (Chen
et al. 2014; Ward et al. 2018; Xu et al. 2012). The most extensively used iron oxide
forms are magnetite and maghemite due to their low toxicity, good magnetic
property and cheaper price. In addition to their inherent properties, these magnetic
iron oxide forms can easily undergo surface chemical modification, which results in
improved capacity for the removal of heavy metals from wastewater (Ward et al.
2018). Maghemite is the oxidised form of magnetite which has a cubic crystal
structure that is similar to the inverse spinel crystal structure of magnetite (Zare
et al. 2015; Anjum et al. 2016). Its synthesis mostly involves co-precipitation of iron
salts in the presence of a base. Magnetite is formed from a mixture of iron oxides
(FeO and�Fe2O3), which resulted in an inverse spinel crystal structure. The structure
of the inverse spinel consists of half of the Fe3+ in a tetrahedral coordination, the
other half and Fe2+ ions are in octahedral coordination (Anjum et al. 2016). Due to
their high specific area and superparamagnetic properties, magnetite and maghemite
have gained extensive application in water research for the removal of toxic heavy
metals and other pollutants from wastewater (Rad et al. 2009; Ward et al. 2018;
Ilankoon 2014; Xu et al. 2012).

8.8 Magnetic Nanocomposites

Magnetic nanocomposites have been extensively explored for the removal of various
pollutants from wastewater. This is because these materials combine the exceptional
physical or chemical features such as greater density of active sites per unit mass
owing to their superior specific surface area and super paramagnetic property for
easy separation. Additionally, magnetic nanomaterials display larger surface free
energy, resulting in enhanced surface reactivity. Taking the benefits of these size-
dependent effects, modern wastewater purification methods can be significantly
developed with the introduction of magnetic nanocomposites into systems (Chen
et al. 2014). Different PPy-based magnetic nanocomposites for the removal of toxic
Cr(VI) from wastewater have been reported in literature.

Ballav et al. (2014) synthesised Fe3O4@glycine-PPy nanocomposite via in situ
oxidative polymerisation. The maximum adsorption capacity obtained from
Langmuir was 238 mg/g for 25 �C temperature at pH 2, initial Cr(VI) concentration
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of 200 mg/L and adsorbent dose of 100 mg. Wang et al. (2015a, b) reported a
PPy-decorated Fe3O4/rGO nanocomposite which had the Langmuir maximum
adsorption capacity of 180.8 mg/g at pH of 3 and 25 �C for 48.4 mg/L initial
concentration of Cr(VI) solution and 250 mg adsorbent dose. PPy/γ-Fe2O3

nanocomposites were reported by Chávez-Guajardo et al. (2015) wherein the
maximum adsorption capacity was obtained to be 208.8 mg/g. The synthesis
involved in situ chemical polymerisation of pyrrole monomer in the presence γ-
Fe2O3 nanoparticles. Kera et al. (2016) chemically oxidised pyrrole and aniline
monomers in the presence of Fe3O4, to form PPy-PANI/Fe3O4 nanocomposite.
They obtained the maximum adsorption capacity of the nanocomposite to be
303 mg/g for 100 mg/L of Cr(VI) solution at a pH 2 and 25 �C with a dose 50 mg
adsorbent dose. Wang et al. (2017) prepared PmPD/rGO/NFO nanocomposite via in
situ oxidative polymerisation of mPD monomer in the presence of rGO/NF. They
obtained maximum adsorption capacity 502.5 mg/g at pH 3, dose of 10 mg and
25 �C temperature for Cr(VI) initial concentration of 50 mg/L. Bhaumik et al. (2011)
chemically oxidised pyrrole monomer in the presence of Fe3O4 to prepare
PPy-Fe3O4 via in situ polymerisation. The prepared PPy-Fe3O4 (100 mg)
nanocomposite had the Langmuir maximum adsorption capacity of 169.59 mg/g
for 200 mg/L Cr(VI) solution at pH 2 and 25 �C. The above literature shows that
magnetic polymer-based nanocomposite has activity against toxic Cr
(VI) (Table 8.2).

8.9 Conclusions

This review article covers the recent studies done for the aqueous hexavalent
chromium removal using polymer-based nanocomposites. Adsorption technology
has been identified as the most promising treatment method due to its ease operation
and low cost. This review explained the principle behind adsorption technology and
some of the important parameters such as solution pH, temperature and concentra-
tion, adsorbent dose and the effect of contact time. Two isotherm models, which are
Langmuir and Freundlich models, have been explained in terms of how they are used
to determine the maximum adsorption capacity of an adsorbent. It was seen that the
optimum pH value for chromium (VI) adsorption onto iron oxide nanocomposites
are within the range of 2–3. The choice of adsorbent is very vital, and this review
emphasised the importance of using magnetic nanomaterials for Cr(VI) removal due
to their high surface area and easy separation from aqueous solution after adsorption.
Different nanosorbents that have been reported in literature include CNTs, GO,
nanoclays and polymer-based magnetic nanocomposites. The surveyed literature
demonstrated that amino functionalised magnetic polymer (polypyrrole and
polyaniline) nanocomposites are efficient for the removal of Cr(VI) from wastewa-
ter. In the future, combination of both copolymers may be the best option for
treatment of wastewater. From the results, it is evident that more attention needs to
be paid on adsorption experiments with actual industrial wastewaters, as they are
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Table 8.2 Adsorption capacity of Fe3O4 nanocomposite for removal Cr(VI)

Composites
Qmax

(mg/g) pH
Material
dose (mg

Concentration
(mg/L) References

Fe3O4- chitin/MWCNT 11.3 2 40 50 Salam (2017)

Magnetic-MWCNT 14.28 5 5 11.5 Salam (2017)

Magnetic-activated carbon 2.8 5 5 11.5 Bayazit and
Kerkez (2014)

Fe3O4/CTAB 18.5 4 12 100 Elfeky et al.
(2017)

Fe3O4-GO 31.8 3 50 50 Hou et al.
(2016)

Fe3O4-chitosan 46 4 50 100 Li et al. (2008a,
b)

EDA- F3O4 32.15 2.5 50 50 Zhao et al.
(2010)

Magnetic-β-cyclodextrin-
chitosan/GO

67.66 3 100 50 Li et al. (2013)

FeNi3/TiO2 76.335 3 500 0.5 Shekari et al.
(2017)

Fe3O4@C@MgAl-LDH 152 6 20 100 Kumar et al.
(2015a, b)

EDA/GMA-
Fe3O4@SiO2@cellulose

171.5 2 20 150 Sun et al. (2014)

PPy/Fe3O4 169.4 2 100 200 Chávez-
guajardo et al.
(2015)

MnO2/Fe3O4/o-MWCNTs 186.9 2 50 300 Luo and Wei
(2013)

PANI-magnetic mesoporous
silica

193.85 2 8 100 Tang et al.
(2010)

Fe3O4/PPy microspheres 209.2 2 20 50 Liu et al. (2011)

Magnetic poly-(MA-DVB)
microspheres

231.8 3 200 150 Wang et al.
(2012a, b, c)

Fe3O4@gly-PPy NCs 238 2 100 200 Ballav et al.
(2012)

Fe/CMK-3 256.86 5 10 100 Hu et al. (2012)

PPy-decorated Fe3O4/rGO 293.3 3 250 48.4 Wang et al.
(2015a, b)

PPy-PANI/Fe3O4 303 2 50 100 Wang et al.
(2012a, b, c)

Fe3O4 (PAA coated and amino
functionalized)

370.37 2 625 500 Gao et al.
(2015)

Magnetic zeolite-PPy 344.83 2 100 300 Mthombeni
et al. (2015a, b)

PANI/Fe0 nanofibers 434.78 2 10 100 Bhaumik et al.
(2015)

Fe3O4-Polyethylenimine/poly
(glycidyl methacrylate)

492 2 100 150 Sun et al. (2014)
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more complex solutions consisting of different ions and the performance of adsor-
bent may be considerably different from the performance in the laboratory prepared
from single ion solution. By taking all the facts into consideration, we can conclude
that magnetic polymer-based nanomaterials are potentially useful nanosorbents for
the removal of hexavalent chromium from aqueous solution; however, more work is
still required to develop the systems to be applied in industrial scale.
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Chapter 9
Nanomaterials as an Immobilizing Platform
for Enzymatic Glucose Biosensors
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Abstract The development of new and innovative matrices for the immobilization
of enzymes has attracted remarkable attention, given the increased demand for
electrochemical biosensors. Advances in nanomaterials have enabled the design of
immobilization matrices for enzymes that can directly improve the sensitivity of
enzymatic biosensors at the electrode interface owing to their distinguished struc-
tural and physiochemical properties. The enzymes are attached to the electrode
surface by either electrostatic or covalent attachment, but retaining the enzyme
functionality for a prolonged time at the electrode interface is highly challenging
in the implementation of various real-time monitoring devices. This chapter provides
an overview of recent developments in electrochemical glucose biosensors based on
various nanomaterials. Furthermore, more efficient nanomaterials as electrochemical
platforms for electrochemical glucose biosensors are discussed in detail.
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9.1 Introduction

Determination of potential molecules in biological systems such as nucleic acids,
enzymes, and proteins is of great importance for understanding of their physiological
functions and also for development of modern health care diagnostics. These biolog-
ical molecules are involved in numerous functions in the human body, which include
storage, transmission, and transportation of small molecules, and regulation of phys-
iological activities (Paleček and Bartošík 2012; Kirsch et al. 2013). The practice of
using devices for both preclinical studies and clinical diagnostics started over a decade
ago. However, many promising devices are never commercialized or are even with-
drawn from the market because of their inconvenient operational conditions, causing
irritation during tedious sampling procedures. Moreover, they may not produce
reproducible and comprehensive results and hence cannot be applicable for long-
term use and user friendliness. Therefore, from the user’s point of view, the device
should be user friendly and widely usable for practical implementations.

A sensor is a device that can convert physical, chemical, or biological changes
into a measurable signal. It consists of three major components: a recognition
element, a transducer, and a signal processor. The recognition element provides a
response from specific/selective binding with the target analytes, and the transducer
produces a signal from the binding event. The signal processor then receives that
signal from the transducer, and it gets amplified into a readable digital unit. The ideal
challenge in the development of sensors is to provide a fast response time, reliable,
portable, highly selective, and sensitive determination of biomolecules at low cost.
Among the broad range of various analytical techniques, electrochemical sensors,
which are considered a subclass of chemical sensors, have been extensively studied
and proved to be a cost-effective method for selective and sensitive determination of
species involved in food, health care, and environmental applications (Turner 2013;
Kimmel et al. 2012; Wang 2008). One well-known example of an electrochemical
sensor is the portable blood glucose strip. This sensor technology is based on an
electrochemical technique using disposable screen-printed electrodes, and has gen-
erated over 5 billion dollars per year (da Silva et al. 2017; Yamanaka et al. 2016;
Wang 2008). The transducer (working electrode) processes the changes in the
electrical signal upon interaction with the recognition element (enzyme, proteins,
antibodies), which is directly proportional to the concentration of the analyte. The
binding with the analyte results in ionic discharge, and it can be measured in the form
of voltage or current, using suitable transducers. Herein, electrochemical reactions
take place at the electrode–electrolyte interface and electron transfer reactions occur
between these phases. There are many reported electrochemical techniques. Among
them, cyclic voltammetry (CV) and linear sweep voltammetry (LSV) are mostly
used to investigate the nature of the electrochemical process. Differential pulse
voltammetry (DPV) or square wave voltammetry (SQV) and amperometric tech-
niques are widely used to quantify analytes for electrochemical sensors.
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Electrochemical biosensing for determination of various biomolecules is usually
performed either using conventional metal electrodes such as Au, Pt, or Cu, or using a
glassy carbon electrode (GCE). These conventional electrodes have numerous disad-
vantages, which include poor sensitivity, poor stability, low reproducibility, long
response times, and a high operating potential for electron transfer reactions (Dai
et al. 2006; Park et al. 2012; Toghill and Compton 2010). Therefore, there is a huge
demand for development of electrode materials that can overcome the disadvantages
of conventional electrodes and also provide high electron transfer rates with highly
selective and sensitive responses for determination of electrochemical analytes.

In this context, nanomaterials have gained significant attention because of their
potential applications in the chemical, textile, and electronic industries, and also for
widespread applications in drug delivery and medical diagnostics (Willner et al.
1996; Xiao et al. 2003; Rubianes and Rivas 2007). The introduction of
nanomaterials in science has created evolutionary developments and extensive
technological applications, especially in electrochemical biosensors (Crespilho
et al. 2006; Shan et al. 2007). In general, the properties of nanomaterials are highly
dependent on increased relative surface area and also the dominance of quantum
effects. When the size of matter is reduced to the nanoscale (10�9), quantum effects
can dominate, and these can significantly enhance optical, magnetic, and conducting
properties. An increase in surface area results in an increase in chemical reactivity,
making nanomaterials an effective electrode platform in electrochemical sensors
(Niemeyer 2001; Katz et al. 2004; Privett et al. 2010). For these reasons, numerous
research efforts have been put into electrochemical biosensors in the past few years
and have been especially focused on introducing new nanomaterials into modified
electrodes (Katz and Willner 2004; Le Goff et al. 2011; Ohara et al. 1994; Teo et al.
2013; Wang 2001; Zhu et al. 2015). Unique target binding characteristics can be
achieved for great selectivity, high specificity, high sensitivity, stability, and a fast
response time.

The field of research on electrochemical sensors/biosensors is large and is
advancing rapidly; therefore, this chapter will acquaint readers with the most
recently developed nanomaterials, as an electrochemical electrode platform can be
deployed for determination of glucose (Besteman et al. 2003). An overview of GOx
molecule were immobilized over different nanomaterials based electrodes
were presented, and the performance of the modified electrodes—in terms of linear
range, sensitivity, and detection limits—is also addressed.

9.2 Enzymatic Electrochemical Sensing: Evolution
of Glucose Biosensors

The evolution of glucose electrochemical biosensors is an excellent example of how
innovative breakthroughs have created a biomedical field that is now widespread in
all areas of life. Clarks and Lyons (1962) were the first to demonstrate quantitative
indirect measurement of glucose by oxygen consumption in an enzyme-catalyzed
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reaction using an electrochemical oxygen electrode coupled with glucose oxidase
(GOx). Later, Updike and Hicks (1967) proposed an enzyme electrode based on this
principle by coupling a polyacrylamide gel membrane with GOx for fast and
quantitative determination of glucose.

GOxþ glucoseþ O2 ! gluconic acidþ H2O2 ð9:1Þ

In the early 1980s, significant and considerable efforts were focused on devel-
opment of mediator-based enzymatic sensors (second generation) using oxygen
replacement. GOx does not directly transfer electrons to electrodes, because of the
presence of a thick protein layer surrounding its flavin adenine dinucleotide (FAD)
redox center. Therefore, utilization of an artificial mediator is able to tailor the
electrical contact between the redox center of GOx and the electrode surface. In
general, mediators are redox active molecules (e.g., ferrocene, ferrocyanide, qui-
nones), which are able to undergo fast and redox reactions by shuttling of electrons
between the redox center and the active site of the enzyme. Ohara et al. (1994)
developed implantable enzymatic glucose sensor devices using a flexible polymer
with an osmium complex; hence, communication between GOx and the redox
couple is fast and efficient.

GOxþ GOx FADð Þ ! gluconic acidþ GOx FADH2ð Þ ð9:2Þ
GOx FADH2ð Þ þ 2M oxð Þ þ 2e� ! GOx FADH2ð Þ þ 2M redð Þ þ 2H ð9:3Þ

2M redð Þ ! 2M oxð Þ þ 2e� ð9:4Þ

Subsequently, the elimination of the mediator has been focused on the development
of electrochemical glucose biosensors to lower fabrication costs and complexity while
increasing the durability of the glucose sensor. The third-generation glucose sensor
enables direct electron transfer between the redox center of the enzyme and the
electrode surface, leading to very high sensitivity and reproducibility without using
artificial redox mediators. The research on third-generation electrochemical biosensors
has been significantly advanced with the introduction of nanomaterials.

GOx FADð Þ þ glucose ! GOx FADH2ð Þ þ gluconic acid ð9:5Þ
GOx FADH2ð Þ þ 2e� ! GOx FADð Þ þ 2Hþ ð9:6Þ

To generate efficient electrochemical responses for the GOx enzyme, different
immobilization strategies are utilized, as represented in Scheme 9.1.

9.3 Nanomaterial-Based Glucose Biosensors

The nanomaterials most commonly used as electrode platforms (Scheme 9.2) for
immobilization of enzymes are:
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• Metal (Au, Cu, Pd, etc.) nanostructures
• Metal oxide (Fe2O3, ZnO, TiO2, etc.) nanomaterials
• Carbon nanotubes (single-walled, multiwalled)
• Graphene (graphene oxide, reduced graphene oxide)
• Hybrid materials

A detailed review of various nanomaterial-modified electrodes for glucose bio-
sensors is given in the following sections.

Scheme 9.1 Strategies for
immobilization of glucose
oxidase (GOx) in
electrode modification

Scheme 9.2
Representation of various
nanomaterial over glucose
oxidase (GOx)
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9.3.1 Metal Nanoparticle–Based Glucose Oxidase Biosensors

Metal nanoparticles such as Au, Cu, Pt, and Pd, as electrochemical platforms for sensors
and biosensors, have made a significant impact in biomedical applications owing to
their high electrocatalytic properties. Nanomaterial-based modified electrodes have
been recognized as potential materials because of their easier preparation and fabrication
process, high biocompatibility, high chemical stability, large surface area, and also
improved sensitivity and selectivity for signal amplifications (Murray 2008). These
metal nanomaterials are very helpful in decreasing overpotential and thus provide a
wide linear range and low detection limits (Sardar et al. 2009; Katz et al. 2004).

Gold (Au) nanoparticles have been considered as a potential material and possess
distinct physical and chemical properties (nonreactivity), making them an excellent
electrode platform for fabrication of novel electrochemical sensors and biosensors.
These superior properties of Au nanoparticles create advantages over other metals;
hence, the shape and size of the particles can be easily tuned for the surrounding
chemical environment (Saha et al. 2012). Au nanoparticles act as an efficient host
substrate for immobilization of GOx and thus exhibit higher affinity for GOx by
maintaining the enzyme activity against denaturation. Hence, many forms of
Au-based nanostructures have been developed for electrochemical sensors and bio-
sensors. For example, nanoparticles, nanorods, nanochains, nanocorals, nanowire
arrays, urchin-like structures, and porous and nanoporous-based electrodes are
employed for successful electrochemical glucose biosensors. Sharma et al. (2012)
developed a glucose biosensor by coupling of GOx with amino-functionalized Au
nanoparticles. The fabricated biosensor exhibited a wide linear concentration range
from 1–5 mM and high sensitivity of 47.2 μA mM�1 cm�2. Si et al. (2011) and Qiu
et al. (2012) investigated covalent immobilization of GOx on high-density Au
nanostructures, which provided a greater response to glucose. Xiao et al. (2014)
designed a nanoporous Au electrode for an electrochemical glucose biosensor using
three-dimensional (3D) bicontinuous nanostructures. The modified electrode was
constructed by covalent immobilization of GOx though glutaraldehyde cross-
coupling; hence, a more stable current response was obtained. It was found that
the sensor had excellent selectivity and anti-interference ability for glucose
oxidation. To increase the linear range of glucose oxidation, GOx was immobilized
over a conducting polymer nanocomposite. Haghighi and Tabrizi (2013) established
GOx immobilization over surface-oxidized films of polypyrrole and Au
nanoparticles. The modified electrode demonstrated an excellent biocompatible
scaffold for GOx immobilization with a wide linear range of glucose concentrations
from 1 mM to 8 mM.

Platinum nanoparticle–based electrochemical sensors and biosensors have been
widely employed because of their favorable electrocatalytic properties. Therefore,
many recent studies have been focused on fabrication of a Pt-based electrochemical
platform for direct immobilization of GOx, because it maintains satisfactory stability
and activity of the enzyme. Ren et al. (2012) designed Pt nanocube to enhance the
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electrocatalytic activity of glucose. The electrode was fabricated by covalent linking
of GOx with chitosan immobilized on the surface of Pt nanocubes, and it showed
good performance for analysis of glucose, with a wide linear range of 1 μM–5 mM,
good sensitivity (35.92 μA mM�1 cm�2), and a low detection limit (0.5 μM). More
recently, Wang et al. (2017) prepared Pt nanoparticles assembled on a stannic sulfide
nanoflake (Pt@SnS2), which provided solid support for immobilization of GOx;
hence, direct electron transfer of GOx was achieved. The behavior of the modified
electrode displayed good bioactivity and large surface coverage for high loading of
enzymes; therefore, the Pt@SnS2 modified electrode showed a linear range of
0.1–12 mM and a detection limit of 2.5 μM.

The development of a cost-effective electrochemical platform is of great interest
to replace the utilization of precious noble metals such as Au and Pt. In this regard,
the prospect of a palladium (Pd)–based electrochemical platform has drawn
immense attention from researchers because of the high earth abundance of
palladium in comparison with noble metals. Li et al. (2011b) explored the fabri-
cation of n-alkylamine-stabilized Pd nanoparticles for immobilization of GOx.
Higher stability, higher enzyme activity, and a better detection limit of the
modified electrode were achieved using hydrophobic nanomaterial. The sensitivity
and selectivity for GOx have been drastically increased by use of these modified
electrodes (Table 9.1).

9.3.2 Use of Metal Oxides as Platforms for Enzymatic
Glucose Biosensors

The exploration of metal oxide nanomaterials has fueled research on electrochemical
biosensors because of their low cost, high conductivity, biocompatibility, hydrophi-
licity, and uniform porosity, which enhances impregnation of enzymes (Hahn et al.
2012; Pachauri et al. 2010; Pauliukaite et al. 2010). A variety of metal oxide
nanomaterials have been employed for electrochemical glucose biosensors: zinc
oxide (ZnO), iron oxide (Fe2O3), titanium dioxide (TiO2), manganese oxide
(MnO), copper oxide (CuO), etc. A few selected electrochemical sensors based on
GOx and metal oxide nanoparticles are highlighted below.

Nor et al. (2017) developed an Fe2O3 magnetic nanoparticle–based electrochemical
immobilization platform for a GOx-based amperometric glucose biosensor. The
modified electrode presented high sensitivity of about 175 μA mM�1 cm�2 and a
lower detection limit of 7 μM. It has been shown that fabricated amperometric
biosensors with the advantages of simple fabrication, low cost, and disposable elec-
trodes can be employed for analytical applications. Yang et al. (2014) designed
tetragonal columnar-shaped TiO2 (TCS-TiO2) nanorods, using a facile route with
thermal decomposition of Ti and NH4Cl powders at 400 �C. The obtained TiO2
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Table 9.1 Comparison of various noble metal nanoparticle–based enzymatic glucose biosensors

Electrodes Linear range Sensitivity
LOD
(μM) Reference

Chitosan/GOD/Au
nanoplate/GCE

2–20 mM 49.5 μA mM�1 cm�2 200 Zhang et al.
(2011a)

Nf/GOD/Pt-NC/PB-
Au/GCE

0.003–1.1 mM 2.77 mA M�1 1.0 Wang et al.
(2011c)

GOx-(H30-SO3H)/
Au/GCE

0.2–20 mM – 12 Sun et al. (2013)

GOx/PPyAA/Au/
GCE

1–18 mM 0.42 μA mM�1 cm�2 50 Şenel and Nergiz
(2012)

GOx/Th/GN/GCE 0.5–6.0 mM 43.2 μA mM�1 cm�2 9.6 Shervedani et al.
(2016)

GOx/Au/GCE 2.5–32.5 μM – 0.32 Qiu et al. (2012)

GOx/Au-NP/PANI
composite

0.1–150 mM – – Mazeiko et al.
(2013)

GOx/OOPPy-nano-
Au/GCE

1–8 mM 0.217 μA mM�1 500 Haghighi and
Tabrizi (2013)

GOx/Pd@IL-meso-
carbon/GCE

0.5–10.5 mM – 190 Haghighi et al.
(2014)

GOx/nano-Pt/Au
monolayer

0.1–50 μM 0.29 nA μM�1 0.01 Li et al. (2011a)

GOx-PoPD/Pt-NP/
PVF+ClO4

�/Pt
0.06–9.64 mM 17.40 μA mM�1 cm�2 0.018 Turkmen et al.

2014

CS-GA-GOx/Pt-NP/
Au

0.001–5.3 mM 102 μA mM�1 cm�2 0.0001 Tan et al. (2010)

CHIT/GOx@Pt-NC/
Pt

0.001–8 mM 35.92 μA mM�1 cm�2 0.0005 Ren et al. (2012)

GOx/Pt/OMC/Au 0.05–3.70 mM 12.10 μA mM�1 cm�2 0.05 Jiang et al. (2011)

GOx/Pd-HCNF/GCE 0.06–6 mM 13 mA M�1 cm�2 30 Jia et al. (2013)

Pd/CS-GR/GCE 0.001–1 31.2 μA mM�1 cm�2 0.2 Zeng et al. (2011)

C18-Pd-NP-GOx/GC 0.003–8 mM 70.8 μA mM�1 cm�2 3 Li et al. (2011a,
b, c, d, e)

GOx-Au-NP/ESM 0.008–0.96 mM – 3.50 Zheng et al.
(2011)

C18 octadecylamine, CHIT chitosan, CS chitosan, ESM eggshell membrane, GA glutaraldehyde,
GC glassy carbon, GCE glassy carbon electrode, GN graphene nanosheet, GOD glucose oxidase,
GOx glucose oxidase, GR graphene, HCNF helical carbon nanofiber, IL ionic liquid, LOD lower
limit of detection, meso mesoporous, NC nanocluster, Nf Nafion, NP nanoparticle, OMC ordered
mesoporous carbon, OOPPy overoxidized polypyrrole, PANI polyaniline, PB Prussian blue,
PoPD poly(o-phenylenediamine), PPyAA poly(3-pyrrol-1-ylpropanoic acid),
PVF+ClO4

� polyvinylferrocenium perchlorate matrix
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nanorods were dispersed with chitosan for immobilization of GOx for determination
of glucose. The GOx/TCS-TiO2/chitosan modified electrodes exhibited excellent
selectivity, good reproducibility, and acceptable operational stability. Zhai et al.
(2011) prepared GOx adsorbed onto nanostructured ZnO-modified indium tin oxide
(ITO) electrodes for direct electron transfer of GOx on the electrode surface. The GOx
immobilized onto the ZnO nanostructured electrode demonstrated higher current
signals with reversible redox peaks for an FAD/FADH2 redox probe. The modified
electrode exhibited a wide linear range from 0.1 mM to 9 mM, a limit of detection of
about 1.94 μM, and an apparently low Michaelis–Menten constant (KM) of 3.12 mM.
Zhang et al. (2013) fabricated a GCE electrode with MnO2 nanowires and GOx on the
electrode surface for glucose oxidation. The electrode behavior was examined, and it
was shown that the GOx retained its bioactivity with improved performance for each
additional glucose concentration. The biosensor demonstrated excellent selectivity,
high sensitivity, and good stability. Pradhan et al. (2010) designed high-performance
and flexible GOx biosensors based on ZnO nanowires (NWs) coated on an gold-
coated polyester (PET) substrate. The GOx/ZnO-NWs/Au/PET biocomposite elec-
trodes exhibited good electrocatalytic performance for glucose concentrations with a
fast response time, high sensitivity of 19.5 μAmM�1 cm�2, and a low KM of 1.57 mM
(Table 9.2).

Table 9.2 Comparison of various metal oxide nanoparticle–based enzymatic glucose biosensors

Electrodes Linear range
Sensitivity
(μA mM�1 cm�2)

LOD
(μM) Reference

Unhybridized TiO2

nanoarray
0.05–0.65 mM 199.61 3.8 Wang et al.

(2014)

Alginate-CuO-GOD 4–35 mM 30.443 1.6 Buk et al.
(2017)

GOx/NiO-doped ZnO
NR/Pt

0.5–8 mM 61.78 25 Chu et al.
(2012)

ZnO nanoterapod 0.01–5.9 mM 23.43 10 Lei et al. (2010)

ZnO nanorod 0.01–0.7 mM 25.7 10 Yang et al.
(2010)

GOx/ZnO-NW/graphite 0.03–1.52 mM 17 9 Gallay et al.
(2016)

GOx/ZnO-NW/Au/PET 0.2–2 mM 19.5 <50 Pradhan et al.
(2010)

Linker-mediated
GOx/ZnO NW

– 17.72 0.02 Jung and Lim
(2013)

GOx/ZnO-NW/paper 0–15 mM 8.24 59.5 Li et al. (2015)

Nf/GOD/CuO/GCE 1–170 μM 246 0.91 Li et al. (2011c)

ZnO/ZnS-MAA-GOx 3.51–24.1 mM – 0.23 Sung et al.
(2012)

GCE glassy carbon electrode, GOD glucose oxidase, GOx glucose oxidase, LOD lower limit of
detection, MAA mercapto-acetic acid, Nf Nafion, NR nanorod, NW nanowire, PET polyester
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9.3.3 Use of Carbon Nanotubes in Electrochemical Glucose
Biosensors

Advanced engineering materials such as SiC, Si3N4, and Al2O3 possess interesting
properties such as high stiffness and excellent thermostability, which are advanta-
geous for development of numerous devices. However, devices made from these
materials mainly suffer from a highly brittle nature, which restricts their use in many
applications, especially in flexible electronic devices. In this context, researchers
have developed a freestanding, transparent, highly conductive nanomaterial with
outstanding mechanical strength, known as carbon nanotubes (CNTs). CNTs were
first observed by Sumio Iijima. CNTs have a tube-like structure created by curling
(like paper) or rolling up into cylinders; their diameter is typically in the nanometer
range, and they contain sp2 hybridized carbon. The nanotube can be closed or open,
and the length can be several hundred times the width. Depending on the number of
concentric rolled sheets forming the cylinders, they can be divided into two general
categories: single-walled CNTs (SWCNTs—made from a single rolled graphene
sheet) or multiwalled CNTs (MWCNTs—made from two or more rolled graphene
sheets). SWCNTs have a typical diameter of 1–2 nm, while that of MWCNTs is
typically 2–25 nm. The interlayer distance in MWCNTs is approximately 3.3 Å,
which is close to the distance between the graphene layers in graphite. CNTs have
assumed an important role in the context of nanomaterials because of their novel
chemical and physical properties. They are mechanically very strong and flexible,
and they can conduct electricity extremely well. All of these remarkable properties
make CNTs effective transducers for a wide range of potential applications in
electrochemical sensors/biosensors. CNTs can overcome most of the disadvantages
of conventional electrodes owing to their high conductivity, fast electron transfer
rate, and ability to minimize possible interference species; hence, a highly sensitive
and selective electrochemical platform for determination of analytes can be achieved
(Ghica et al. 2009; Barsan and Brett 2009). Selected studies using CNTs as electro-
chemical platforms for immobilization of GOx-based glucose biosensors, reported
after 2010, are discussed below.

Periasamy et al. (2011) investigated the direct electrochemistry of GOx in
gelatin-functionalized MWCNTs (GCNTs) for use in an amperometric glucose
biosensor. A free amino (–NH2) group in the GOx molecule was covalently linked
with an aldehyde (–CHO) group in glutaraldehyde (GAD). The GCNT/GOx/GAD
modified electrode exhibited two well-defined redox peaks, which were attributed
to the presence of an FAD/FADH2 redox couple. Also, the modified biocomposite
electrode displayed a steady amperometric response to glucose in a linear
concentration range of 6.30mM–20.09mM, and sensitivity of 2.47 μAmM�1 cm�2.
Gutierrez et al. (2012) reported use of GOx as a dispersing agent for MWCNTs.
The interactions between MWCNTs and GOx created more efficient electron
transfer pathways to the GCE electrode; hence, it exhibited excellent biocatalytic
activity and high sensitivity to glucose. Subsequently, Wooten et al. (2014)
demonstrated the direct electron transfer ability and enzymatic activity of GOx
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and chitosan in a matrix. Once glucose was added to a solution containing 0.1 M
phosphate buffer, the enzymatically active GOx(FAD) molecules were converted
to the reduced form of the enzyme (GOx(FADH2)), which was subsequently
oxidized by O2, producing H2O2.

GOx FADð Þ þ glucose ! GOx FADH2ð Þ ð9:7Þ
GOx FADH2ð Þ þ O2 ! GOx FADð Þ þ H2O2 ð9:8Þ

More recently, Muguruma et al. (2015) compared the electrochemical response
for GOx with two different types of SWCNTs: metallic SWCNTs (m-SWCNTs) and
semiconducting SWCNTs (s-SWCNTs). It was found that in the presence of GOx in
an O2-saturated medium, the electrochemical response of the m-SWCNT/GOx
electrode was two times greater than that of the s-SWCNT/GOx electrode. In
contrast, under N2 saturated conditions, the response of the s-SWCNT/GOx elec-
trode was retained whereas the electrochemical response of the m-SWCNT/GOx
electrode was significantly diminished. This indicates that direct electron transfer
(DET) proceeded with the s-SWCNT/GOx electrode, whereas the m-SWCNT/GOx
electrode was dominated by the hydrogen peroxide route. For biosensors with the
GDH enzyme, the response with the s-SWCNT/GDH electrode was four times
greater than that with the m-SWCNT/GDH electrode.

9.3.4 Graphene-Based Glucose Biosensors

Recently, a great deal of attention has been paid to the implementation of graphene-
based electrochemical devices by both the experimental and theoretical scientific
communities. Graphene, a new class of two-dimensional (2D) carbon nanostructure,
has a single atomic layer of sp2 carbon atoms. This unique nanostructure holds great
promise for potential applications in nanoelectronics, sensors, nanocomposites,
batteries, supercapacitors, and hydrogen storage (Brownson et al. 2012a). The
utilization of graphene-based sensors is of huge interest because of their flexible
nature, high conductivity, and large surface area (Chua and Pumera 2013; Brownson
and Banks 2010, 2011; Brownson et al. 2012b). However, a lack of functional
groups on the surface of graphene sheets has been a major obstacle to exploiting
most of their potential electrochemical applications (Table 9.3).

Moon et al. (2010) established synthesis of graphene oxide (GO) through chem-
ical oxidation of graphite to hydrophilic graphite oxide, using an ultrasonication
method. GO is highly hydrophilic with good dispersibility in water owing to the
presence of oxygen and carboxyl and epoxy functional groups. It can be easily
exfoliated into single layers or a few layers of graphite by chemical oxidation. GO
was mainly prepared by oxidation of natural graphite powder, using Hummer’s
method. To a stirring reaction mixture containing 50 mL of sulfuric acid, 2 g of
NaNO3 and 2 g of graphite powder were added slowly, one after the other, to avoid
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agglomeration. With the reaction temperature kept below 10 �C in an ice bath, 6 g of
KMnO4 was gently added to the vigorously stirred reaction mixture to avoid
overheating caused by the exothermic reaction. After 2 h the ice bath was removed,
the reaction temperature was raised to 35 �C, and the mixture was allowed to stir
continuously for 12 h. The resulting dense paste was subsequently diluted with
50 mL of Milli-Q water and refluxed at 98 �C for 30 min, then another 150 mL of
Milli-Q water followed by 10 mL of H2O2 (30%) were added slowly under vigorous
stirring until the solid color changed from brown to yellow. The solid GO was
isolated by centrifugation, washed multiple times (pH neutral) with Milli-Q water,
and finally dried under a vacuum.

Thus, enormous efforts and attention have been devoted to the production of GO
because of its considerable promise for possible applications in electrochemical
biosensors. In the following section, a few selected electrochemical glucose sensors
based on GO are discussed.

Table 9.3 Comparison of various carbon nanomaterial–based enzymatic glucose biosensors

Electrodes Linear range
Sensitivity
(μA mM�1 cm�2)

LOD
(μM) Reference

GOD/PPy-graphene 2–40 μM – 3 Alwarappan et al.
(2010)

N-doped graphene 0.1–1.1 mM – Wang et al.
(2010)

Nylon 6,6/4-
MWCNT/PBIBA

0.01–2 mM – 9 Uzun et al. (2014)

Gelatin-CNT/GOx/
GAD

6.30–20.09 mM 2.47 – Periasamy et al.
(2011)

GR-CoPc/GOx 0.01–14.8 mM 5.09 1.6 Mani et al. (2014)

Graphene-GOD/Au 2–14 mM 21.9 0.04 Hui et al. (2013)

GOx-PVA-MWCNT 0.1–20 mM 8.67 0.00015 Gupta et al.
(2016)

GOx/NH2-TiO2-CNT 1.8–266 μM 223 0.44 Tasviri et al.
(2011)

GOx/meso-HAP/
MWCNT/GCE

0.01–15.2 mM 57 2 Li et al. (2012)

RGO/GOx 0.1–27 mM 1.85 – Unnikrishnan
et al. (2013)

GOx/ERGO/poly-L-
lysine

0.25–5 mM – – Hua et al. (2012)

GOx/graphene/Nf 0.5–14 mM – 30 Zhang et al.
(2012)

GOx/graphene 0.1–10 mM 3 10 Wu et al. (2010)

CNT carbon nanotube, CoPc cobalt phthalocyanine, ERGO electrochemically reduced graphene
oxide, GAD glutaraldehyde, GCE glassy carbon electrode, GOD glucose oxidase, GOx glucose
oxidase, GR graphene, LOD lower limit of detection, meso-HAP mesoporous hydroxyapatite,
MWCNT multiwalled carbon nanotube, Nf Nafion, PBIBA poly-4-(4,7-di(thiophen-2-yl)-1H-
benzo[d]imidazol-2-yl)benzaldehyde, PPy polypyrrole, PVA polyvinyl alcohol, RGO reduced
graphene oxide
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Liu et al. (2010) demonstrated highly efficient electrochemical GOx-based sen-
sors that can be covalently linked using carboxyl (–COOH) groups of GO sheets and
an amino (–NH2) group of GOx. The modified electrodes exhibited a broad linear
range up to 28 mM glucose with high reproducibility and good storage stability,
suggesting that the sensors could be applicable in health care clinics. Liu et al. (2011)
established graphene oxide and GOx nanostructures through self-assembly of GOx
and graphene oxide platelets by electrostatic interaction. A glucose biosensor was
constructed by deposition of the resultant nanostructures on the surface of a glassy
carbon (GC) electrode. It was found that the biosensor exhibited a good response to
glucose over a linear range from 2 mM to 22 mM, and the detection limit was about
20 μM. Ping et al. (2011) reported immobilization of GOx on electrochemically
reduced GO, which was deposited over an ionic liquid/screen-printed modified
electrode. The modified electrode provided high sensitivity and a greater linear
range for glucose concentrations. Mani et al. (2013) demonstrated a simple electro-
chemical route for fabrication of GOx on chemically reduced GO. A well-resolved
redox peak was observed for GOx, corresponding to the FAD/FADH2 redox couple.
The mediator-free response of the biosensor exhibited a wide linear range, a fast
electron transfer rate, high selectivity, and good stability. Zhang et al. (2014)
investigated the structure of a GOx electrode modified with reduced GO sheets
with different defect density, layers, and oxygen concentrations. The resulting
electrode exhibited excellent electrocatalytic activities and performance for glucose.
Shamsipur and Tabrizi (2014) achieved direct electron transfer of GOx, using
electrochemically reduced GO, for enzymatic glucose sensing. The glucose was
determined by a decrease in the peak current due to the reduction of dissolved
oxygen. The biosensor exhibited good reproducibility and stability, and was selec-
tive for determination of glucose, with high sensitivity (Table 9.4).

9.3.5 Use of Hybrid Materials in Glucose Oxidase Biosensors

To achieve high enzyme loading and provide high electrocatalytic activity of
modified electrodes, the electrodes can be designed using combinations of transition
metal nanoparticles/metal oxides/carbon-based nanomaterials, which have been
extensively utilized in electrochemical platforms for electrochemical biosensors.
These hybrid nanocomposites increase their surface area, conductivity, and
electrocatalytic activity toward the analyte, while lowering the overpotential.
There are numerous reports available on these hybrid nanocomposite–based elec-
trochemical glucose biosensors.

Shan et al. (2010) observed a prominent electrochemical response for glucose
obtained by immobilizing GOx in thin films of chitosan deposited over a graphene/
Au nanoparticle nanocomposite electrode. Zhai et al. (2013) designed a highly
sensitive glucose enzyme sensor based on Pt nanoparticles with polyaniline hydrogel
heterostructures. The glucose enzyme sensor exhibited unprecedented high sensi-
tivity of 96.1 μA mM�1 cm�2, with a wide linear range of 0.01–8 mM and a low
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Table 9.4 Comparison of various hybrid material–based enzymatic glucose biosensors

Electrodes Linear range Sensitivity
LOD
(μM) Reference

GOx/TiO2/FePc-
CNT

0.05–4 mM 8.25 μA mM�1 cm�2 30 Cui et al. (2013)

ERGO-MWCNT/
GOx/Nf

0.01–6.5 mM 7.95 μA mM�1 cm�2 4.7 Mani et al. (2013)

nPt-RGO-NCe-GOx Up to 120 μM 66.2 μA mM�1 cm�2 1.3 Chaturvedi et al.
(2014)

GO/Pt-black/GOx 0.001–2 mM 78 μA mM�1 cm�2
– Shi et al. (2012)

GR-MWCNT/Au-NP 10 μM–2 mM 0.695 μA mM�1 cm�2 4.1 Devasenathipathy
et al. (2015)

PANI/PAA-GOx Up to 1.1 mM 29.9 μA mM�1 cm�2 60 Homma et al.
(2014)

GOx/RGO/Pd-Pt-NP 2–12 mM 24 μA mM�1 cm�2 1 Hossain and Park
(2014)

Gr/PANI/Au-NP/
GOD

Up to 8 mM 20.32 μA mM�1 cm�2 100 Kong et al. (2014)

GOx/Pt/FeyOx-
MWCNT/CS

0.006–6.2 mM – 2 Li et al. (2010)

(Con-A/GOD)/
Ptnano-CNT-CS/GCE

0.0012–2.0 mM 41.9 μA mM�1 cm�2 0.4 Li et al. (2011e)

Gr/pyrene
functionalized GOx

0.2–40 mM – 154 Liu et al. (2013)

GOx/r-GO-Ag 0.5–12.5 mM 3.84 μA mM�1 cm�2 160 Palanisamy et al.
(2014)

Nf/graphene/GOx/
Au

2–14 mM 21.9 μA mM�1 cm�2 40 Hui et al. (2013)

RGO/PAMAM/Ag/
GOx/CS

0.032–1.89 mM 75.72 μA mM�1 cm�2 4.5 Luo et al. (2012)

RGO/ZnO/GOx 0.02–6.24 mM 18.97 μA mM�1 cm�2 20 Palanisamy et al.
(2012)

GOx/graphene-CNT 2–8 mM 19.31 μA mM�1 cm�2 500 Terse-Thakoor
et al. (2015)

GOx/graphene/
PANI/Au-NP

4–1.12 mM – 0.6 Xu et al. (2014)

GOx/PPMH/GC
electrode

0.02–48 mM – 80 Oztekin et al.
(2011)

GOx/Au-NP/
graphene/MWCNT

0.3–2.1 mM 29.72 mA M�1 cm�2 4.8 Yu et al. (2014)

GOx/H2BpybcBr2/
TiO2/FTO

0.153–1.3 mM 1.25 μA mM�1 51 Zhu et al. (2009)

GOx/meso-carbon/
Au-NP

0.05–20 mM 4.34 μA mM�1
– Wang et al.

(2011b)

GOx/graphene oxide/
PB

0.1–13.5 mM 15.82 μA mM�1 cm�2 0.343 Zhang et al.
(2011b)

GOx/graphene/CdS
nanocrystals

2–16 mM 1.76 μA mM�1 cm�2 700 Wang et al.
(2011a)

(continued)
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detection limit of 0.7 μM. The higher sensitivity was reported to be due to the
presence of a conducting polymer hydrogel on Pt nanoparticles, which provided an
electronically continuous 3D path for efficient electron transfer of GOx. Baby et al.
(2010) demonstrated immobilization of GOx over Pt/Au nanoparticles utilized for
dispersion of graphene. The Au/Pt nanoparticles acted as spaces, which eliminated
the restacking of graphene; thus, there was an increase in the electroactive surface
area. The modified electrode decreased the overpotential for the determination of
glucose, with an excellent detection limit of 1 μM and reasonable selectivity with
high anti-interference ability and good stability. Mani et al. (2013) studied
direct electrochemistry of GOx immobilized over an electrochemically reduced
GO-MWCNT/GC electrode. A higher peak current (2.1-fold) was observed for the
hybrid modified electrode in comparison with pristine MWCNTs, demonstrating
that the hybrid biocomposite film modified electrode exhibited fast electron transfer
between GOx and the modified electrode surface. Jang et al. (2012) assessed
adsorption of GOx at a TiO2–graphene nanocomposite electrode and observed a
greater response of the glucose biosensor at the fabricated electrode, which was
found to be linear for glucose concentrations ranging up to 8 mM. It was estimated
that the modified electrode showed a superior response for glucose when compared
with pure TiO2 and graphene nanosheets. Razmi and Mohammad-Rezaei (2013)
studied GOx on a graphene quantum dot–modified carbon ceramic electrode. The
modified electrode was reported to have higher performance in the presence of
glucose, which was due to a high surface area to volume ratio, biocompatibility of
the graphene quantum dot, high porosity, and high abundance of hydrophilic edges,
which created higher catalytic active sites with a large absorption capability of the
enzymes on electrode surface.

Table 9.4 (continued)

Electrodes Linear range Sensitivity
LOD
(μM) Reference

GOx/Pt/meso-silica 0.001–26 mM – 0.8 Li et al. (2011d)

GOx/Pt/MWCNT/
polyaniline

0.003–8.2 mM 16.1 μA mM�1 1 Zhong et al.
(2011)

GOx/Ni2+/MgFe
LDH

1–20 mM 1.995 μA mM�1 120 Xu et al. (2011)

GOx/con-A/Pt/CNT 0.001–2 mM 41.9 μA mM�1 cm�2 0.4 Li et al. (2011a, b,
c, d, e)

CNT carbon nanotube, con-A concanavalin A, CS chitosan, ERGO electrochemically reduced
graphene oxide, FePc iron phthalocyanine, FeyOx iron oxide, FTO fluorine-doped tin oxide,
GC glassy carbon, GCE glassy carbon electrode, GO graphene oxide, GOD glucose oxidase,
GOx glucose oxidase, GR graphene, Gr graphene, H2BpybcBr2 1,10-bis(4-carboxybenzyl)-4,4-
0-bipyridium bromide, LDH layered double hydroxide, LOD lower limit of detection,
meso mesoporous, MWCNT multiwalled carbon nanotube, NCe nanoceria, Nf Nafion, NP nanopar-
ticle, nPt nanoplatinum, PAA poly(acrylic acid), PAMAM polyamidoamine, PANI polyaniline,
PB Prussian blue, PPMH poly-1,10-phenanthroline, Ptnano Pt nanoparticles, r-GO reduced
graphene oxide, RGO reduced graphene oxide
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On the basis of the reported literature, it is concluded that electrode materials
containing hybrid materials will show prominent electrochemical responses for
glucose oxidation.

9.4 Conclusion

This chapter has described the history and evolution of enzymatic glucose bio-
sensors. In comparison with conventional electrodes, utilization of nanomaterials
offers a superior electrochemical platform for immobilization of enzymes in glucose
biosensors. The performance of various nanomaterial-based glucose biosensors in
practical applications is well established, but the development of fast-response and
highly reproducible glucose biosensors for use in complicated real samples should
be seriously addressed.
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Abstract The threat caused by drug-resistant pathogens represents a great concern
to several economic sectors. This issue has intensified the development of more
efficient antimicrobial products that could be safe not only for medical, pharmaceu-
tical, water disinfection and food applications but also for reduced environmental
impact. Nanotechnology now emerges as a powerful tool for scientists and engineers
to develop engineered nanomaterials with remarkable antimicrobial activity. The
potential of engineered nanomaterials is now certain to benefit different areas, such
as medicine, food, pharmaceutical, and agriculture, once higher antimicrobial
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effectiveness implies in reduced content of antimicrobial compounds, thereby reduc-
ing cytotoxicity effects as well as environmental impact to different forms of life.
This chapter summarizes the most recent achievements on antimicrobial engineered
nanomaterials intended for better medicine, cosmetics, environmental, and food
applications with emphasis on (i) new silver-based hybrid nanomaterials, (ii) new
bioinspired antimicrobial nanoparticles, (iii) new antimicrobial nanostructures
derived from layered minerals, (iv) recent developments on antimicrobial polymer
nanocomposites, and finally (v) some recent trends in nanotechnological antimicro-
bial products available at the European market. The remarkable importance of
antimicrobial engineered nanomaterials emerges from the combination of different
nanomaterials so that main advantages of each are built together into new, revolu-
tionary systems capable of solving the pathogen infection issue.

Keywords Pathogen infestation · Biocidal effect · Antimicrobial agent ·
Nanomaterials · Nanosilver · Carbon nanotubes · Layered double hydroxides ·
Polymer nanocomposites · Antibacterial consumer goods · Nanoscience

10.1 Introduction

Infection by pathogenic microorganisms represents a worldwide health concern for
several economic sectors (Raghunath and Perumal 2017). Clinical area and food
industry have invested enormously in technologies for preventing pathogens con-
tamination, but such investments have raised year by year due to the emergence of
multidrug-resistant microorganisms (Raghunath and Perumal 2017; Hajipour et al.
2012). There has been intense development of highly effective antimicrobial prod-
ucts for medical, pharmaceutical, water disinfection, and food applications which
could also be safe for human health (Salam et al. 2017; Sharma et al. 2017).

Nanotechnology is a multidisciplinary field that has leveraged various economic
sectors, such as electronics, catalysis, medicine, and tissue engineering, among
others (Alsaleh and Brown 2018). The main concept guiding nanotechnology is
the design of materials whose properties are a consequence of a very high surface
reactivity due to the greater number of atoms that can interact both physically and
chemically with their surroundings (Shevlin et al. 2018). “Nanoeffects” are partic-
ularly achieved in nanomaterials with very large surface area-to-volume ratio.
According to the European Commission Directive, nanomaterials are “natural,
incidental or manufactured materials 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” (European Commission 2015). Nanotechnology has now been
applied in the development of nanostructures with remarkable antimicrobial activity
(Rajendran et al. 2018; Hoseinzadeh et al. 2017; Raghunath and Perumal 2017).

This chapter presents the recent advances on antimicrobial engineered
nanomaterials (ENMs) for medicine, cosmetics, environmental, and food
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applications. In the medical and pharmaceutical fields, the use of nanotechnology
allows much better antimicrobial effects on bacteria that tend to infect wounds, since
they can easily penetrate the wound through the body fluids. Also, nanomaterials
may be applied as drug delivery systems, bringing innovation of dosage forms with
improved therapeutic effects and physicochemical characteristics of the antimicro-
bial substances. For water decontamination, antimicrobial nanomaterials exhibit
potential to replace or enhance conventional disinfection methods, while not pro-
ducing harmful products. For food applications, the inclusion of antimicrobial
nanomaterials in the package material is effective for food protection against com-
mon foodborne pathogens, especially under visible or UV light depending of the
antimicrobial agent.

The principal scientific achievements in the last 5 years concerning silver-based
nanomaterials, organic nanoparticles, antimicrobial layered clays, and polymer
nanocomposites are summarized. Recent patenting trends in antimicrobial
nanomaterials are also presented to point out their technological potential in every-
day consumer products.

10.2 Antimicrobial Silver-Based Nanomaterials

Silver (Ag) is one the oldest antimicrobial substances known to be used by man. The
antimicrobial activity of silver was exploited by most ancient civilizations for water
disinfection, food conservation, and treatment of wounds (McGillicuddy et al. 2017;
Chernousova and Epple 2013). Since then, silver has been used as an active principle
either in its ionic (Ag+ ions), complexed (Ag salts), or colloidal nanoparticulate
(Ag nanoparticles, AgNPs) states for countless decades (Bilal et al. 2017).

The mechanism behind the silver antimicrobial activity has been discussed in
excellent reviews (Noronha et al. 2017; Chernousova and Epple 2013). In brief, it
requires the oxidation of metallic silver to Ag+ ions, which further bind electrostati-
cally to structural N– and S– groups of proteins and other biomolecules present in the
microbial cell membrane, leading to its lysis. Ag+ ions can also penetrate the microbial
cell through several ways and interfere on the ribosomes and DNA dynamics by
reactive oxygen species (ROS), also leading to cell death (Durán et al. 2016), as
illustrated in Fig. 10.1. There are mechanistic differences between Ag+ ions and very
small AgNPs (size <10 nm), but for most silver-based materials, the ending active
species is the Ag+ ion (Noronha et al. 2017; Chernousova and Epple 2013).

AgNPs have been extensively used for their antibacterial activity; nevertheless
the intense agglomeration effects in AgNPs are still a challenge hampering their
successful practical applications (Wei et al. 2015). One feasible alternative is the use
of material supports to prevent AgNP agglomeration, for instance, nanoporous silica
(0D), carbon nanotubes (1D), clay minerals (2D), and zeolites (3D). Currently,
nanotechnology has tiled the way for developing silver-based ENMs with stabilized
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AgNPs and remarkable antimicrobial activity against several microorganisms,
including viruses. Table 10.1 summarizes some of these recent developments.

Carbon nanotubes (CNTs) are one of the most promising engineered
nanomaterials for Ag support. Recently, Xia et al. (2018) synthesized AgNPs
(6–10 nm) encapsulated into tip open carbon nanotubes (CNTs) using a new
glucose-assisted method. The AgNP-CNT hybrid loaded with 4 wt. % Ag exhibited
higher antibacterial activity against Escherichia coli than AgNPs supported onto
active carbon and on CNTs obtained by wet impregnation, which was mainly
attributed to the better dispersion of the AgNPs inside the CNT tunnels.

Another important application of CNT-supported AgNPs is the removal of
microorganisms from drinking water. Salam et al. (2017) synthesized
CNT/polypyrrole hybrids via oxidative polymerization of pyrrole with silver nitrate,
leading to nanocomposites loaded with 80 wt.% AgNPs, which were further used for
water disinfection in a column filter test. The CNT/polypyrrole/AgNP
nanocomposites effectively inactivated the Escherichia coli and Staphylococcus
aureus cells by nearly 100 wt.%.

Aani et al. (2017) developed multiwalled carbon nanotubes (MWCNTs) coated
with 10 wt.% and 20 wt.% AgNPs via microwave treatments, which were incorpo-
rated into polyethersulfone (PES) ultrafiltration (UF) membranes. The membranes
were effective against Escherichia coli and Staphylococcus aureus, being the bio-
cidal effect attributed to the release of Ag+ ions because there was no contact
between the AgNPs and the bacteria.

Fig. 10.1 Schematics of silver (Ag+) antibacterial effect leading to destruction or damage of the
genetic material and causing weakened protection, structure, and integrity of the bacterial cell
membrane
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Kim et al. (2016) prepared a nanofilter based on MWCNTs decorated with
20-nm-sized AgNPs using ethylene glycol as a reducing agent. The nanofilter was
tested for removal of nanosized viruses (Polio-, Noro-, and Coxsackie viruses),
Escherichia coli, and Staphylococcus aureus from water. The MWCNT/AgNP
nanofilter could also be used for other biological separation processes.

Nanosilica has also been used as a material support for AgNPs. Spherical
nanoporous MCM-41 and SBA-15 silicas were decorated with AgNPs (5–15 nm)

Table 10.1 Recent developments of selected Ag-based ENMs

Nanomaterial
Silver
form Ag loading

Target
microorganism

Potential
application References

Single-wall car-
bon nanotubes
(CNTs)

AgNP 4 wt.% Escherichia coli Biomedicine Xia et al.
(2018)

Nanoporous
SiO2/poplar
propolis

AgNP 0.5–0.6 mmol/
g

Escherichia coli,
Staphylococcus
aureus, Candida
albicans

Biomedicine Popova
et al.
(2018)

Monodispersed
SiO2 particles

AgNP 294 mg/L Bacteriophage MS2
and murine norovirus
(MNV)

Water
disinfection

Park et al.
(2018)

Multiwalled
carbon
nanotubes
(MWCNTs)

AgNP 10 wt.% and
20 wt.%

Escherichia coli,
Staphylococcus
aureus

Water
disinfection

Aani et al.
(2017)

SiO2 particles AgNP Not provided Staphylococcus
aureus

Cellulosic
fabric

Panwar
et al.
(2018)

Single-wall car-
bon nanotubes
(CNTs)/
polypyrrole

AgNP 80 wt.% Escherichia coli,
Staphylococcus
aureus

Water
disinfection

Salam
et al.
(2017)

Zeolite A (ZA),
faujasite NaX
(ZX), and anal-
cime (ANA)

Ag+

ions
0.16 wt.% Staphylococcus

aureus, Pseudomo-
nas aeruginosa, Can-
dida albicans,
Aspergillus niger

Additives
for con-
sumer
products

Youssef
et al.
(2017)

SiO2 particles AgNP 33–22 wt.% Staphylococcus
aureus, Escherichia
coli

Surgical
implants

Priebe
et al.
(2017)

SiO2 particles AgNP Not provided Staphylococcus
aureus, Escherichia
coli, Candida
albicans

Kevlar®
fabric
coating

Balagna
et al.
(2017)

Multiwalled
carbon
nanotubes
(MWCNTs)

AgNP Not provided Polio-, Noro-, and
Coxsackie viruses

Water
disinfection

Kim et al.
(2016)
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by direct and post-synthesis approaches, with AgNPs impregnated into the channels
and external surface of the silica. This inorganic hybrid nanomaterial was further
loaded with propolis extract at 15–17 wt.%. The resulting multifunctional material
presented a synergistic effect between the AgNPs and the propolis compounds in
terms of antibacterial activity against Escherichia coli, Staphylococcus aureus, and
Candida albicans (Popova et al. 2018).

Panwar et al. (2018) applied amine-, thiol-, and epoxy-functionalized AgNP/SiO2

Janus particles on cotton fabric. The AgNPs were produced by chemical reduction,
while the AgNP/SiO2 Janus particles were synthesized by the Pickering emulsion
method at low temperature and further used to impregnate epoxy-treated cotton
fabrics. The AgNP/SiO2 Janus particles showed higher antimicrobial activity than
the pure AgNPs due to the non-agglomerated state of the AgNPs in the former. The
epoxy-functionalized cotton fabrics treated with AgNP/SiO2 Janus particles
presented high antibacterial effect against Staphylococcus aureus. Such a biocidal
effect persisted even after several washing cycles.

Balagna et al. (2017) used a co-sputtering process to coat Kevlar® plain woven
fabrics intended for inflatable modulus uses with AgNP/SiO2 hybrid nanomaterial.
The coating did not avoid Staphylococcus aureus, Escherichia coli, and Candida
albicans proliferation, but it significantly reduced the adhesion of these microorgan-
isms on the Kevlar® fabric surface. The SiO2 nanomaterial acted specifically in the
controlled release of the Ag+ ions.

Priebe et al. (2017) synthesized AgNP/SiO2 nanorattles by a microemulsion
technique intending antibacterial orthopedic implant applications. The AgNP/SiO2

nanorattles exhibited strong antibacterial effect against S. aureus and E. coli, but
they did not affect the viability of phagocytic cells. Further, they did not induce
inflammation and did not impair immune responses.

Ag-decorated nanosilica has also been developed for water disinfection purposes.
Park et al. (2018) impregnated monodispersed amine-functionalized silica
(d¼ 400 nm) with 30-nm-diameter AgNPs to prevent their aggregation and facilitate
their recovery after use. The major antiviral effects against two viruses, bacterio-
phage MS2 and MNV, were attributed only to the AgNPs impregnated in the silica
core. The AgNP-silica hybrid induced large virus reduction at the first few hours (~
6 h), but this antiviral effect gradually reduced over time, which was ascribed to the
amount of Ag+ ions released from the AgNPs.

An important group of ENMs for silver immobilization that must be emphasized
are the aluminosilicates. Clays and zeolite structures exhibit large ion exchange
capacity, leading to successful separation and ion exchange process applications. For
example, Youssef et al. (2017) impregnated the Zeolite A (ZA), faujasite NaX (ZX),
and analcime (ANA) previously synthesized by a microwave technique with Ag+

ions using the ion exchange route. The Ag-treated zeolites inhibited the growth of
S. aureus, Pseudomonas aeruginosa, Candida albicans, and Aspergillus niger. The
zeolites presenting large specific area also presented the large Ag+ loading, thereby
resulting in the highest antimicrobial efficiency.
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10.3 Antimicrobial Organic Nanoparticles

Biopolymer-based antimicrobial nanoparticles are a promising class of ENMs for
microbial proliferation control. For instance, some protein and polysaccharide
nanoparticles have been associated with antimicrobial agents for improved antimi-
crobial release rate and biocidal effectiveness toward several pathogens (Perinelli
et al. 2018; Arora et al. 2016). Such functional biopolymer nanostructures have
attracted enormous interest due to their biodegradability, biocompatibility, nontoxic,
and non-immunogenic properties. Additionally, most of these biopolymers are
approved as a GRAS (generally recognized as safe) by the FDA (Food and Drug
Administration) which is remarkable advantage especially for medicine and food
applications (Arora et al. 2016).

Table 10.2 lists recent achievements on biopolymer-based antimicrobial ENMs.
The overall strategy in most of these reports consisted in elaborating a biopolymer
solution containing the antimicrobial agent, which is further added to a precipitating
medium under controlled conditions (temperature, pH, injection rate) to obtain
ENMs having narrow particle size distribution.

Starch is a polysaccharide made up of D-glucose units connected by α-type
glycosidic linkages. Starch is a water-soluble, abundant, fully biodegradable, and
cheap biopolymer. Starch can also assume thermoplastic behavior so that it can be
shaped by melt-processing techniques into films, bottles, etc. Due to its versatility,
starch has been used in the development of several antimicrobial ENMs.

Jung et al. (2018) synthetized 7-nm-sized AgNPs using a sonochemical method
using starch as a stabilizing agent. The complexed AgNP-starch ENMwas combined
with chitosan, another promising polysaccharide, to form coatings on papers. The
functional papers exhibited inhibitory effect against E. coli and S. aureus with
antimicrobial effect dependent on the AgNP-starch concentration, thereby demon-
strating potential for food packaging and other applications.

Starch nanoparticles (SNPs) have been considered as promising ENMs for
controlled antimicrobial agent delivery. Qiu et al. (2017) encapsulated menthone,
oregano, cinnamon, lavender, and citra essential oils into SNPs with size ranging
from 93 to 113 nm for applications in food, cosmetics, as well as pathogen control in
general. The encapsulation efficiency was 87%, and the essential oil-loaded SNPs
inhibited the growth of Escherichia coli and Staphylococcus aureus. The antimicro-
bial effect of the essential oils was prolongated due to the encapsulation with starch.
Ismail and Gopinath (2017) encapsulated penicillin and streptomycin into starch
nanoparticles. The SNPs were prepared by the microemulsion nanoprecipitation
method using alkaline urea solution as a solvent and ethanol as a precipitation
batch. The antibiotic-loaded SNPs successfully inhibited the growth of Streptococ-
cus pyogenes and Escherichia coli. Previously, Alzate et al. (2016) exploited sodium
trimetaphosphate (STMP)-cross-linked SNPs as a nanocarrier for potassium sorbate,
a widely used food preservative. Native and acetylated starches were used in the
study. The potassium sorbate-loaded cross-linked SNPs were effective against
E. coli and S. aureus growth. The encapsulation of the potassium sorbate in the
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Table 10.2 Recent biopolymer-based antimicrobial ENMs

Biopolymer
Antimicrobial
agent Target microorganism Application References

Fungal
chitosan
nanoparticles

Fungal chitosan Staphylococcus aureus,
Listeria monocytogenes,
Pseudomonas
aeruginosa, Salmonella
ssp., Escherichia coli

Food
preservation

Melo et al.
(2018)

Chitosan/
alginate
nanoparticles

Nisin Listeria monocytogenes Beef
preservation

Zimet et al.
(2018)

Chitosan
nanoparticles

Levofloxacin Pseudomonas
aeruginosa, Staphylo-
coccus aureus

Ocular infection
treatment

Ameeduzzafar
et al. (2018)

Chitosan
nanoparticles

Spiramycin Toxoplasma gondii Toxoplasmosis
treatment

Etewa et al.
(2018)

Alginate
coating

ZnO
nanoparticles

Staphylococcus aureus Water
disinfection

Motshekga
et al. (2018)

Starch-
chitosan

AgNP Escherichia coli, Staph-
ylococcus aureus

Paper coating Jung et al.
(2018)

Starch
nanoparticle

Menthone,
oregano, cinna-
mon, lavender,
and citra essen-
tial oils

Escherichia coli, Staph-
ylococcus aureus

Food preserva-
tion, cosmetics

Qiu et al.
(2017)

Chitosan
nanoparticles

Triclosan Pseudomonas
aeruginosa, Escherichia
coli, Staphylococcus
aureus, Candida
albicans

Wound
treatment

De Marchi
et al. (2017)

Starch
nanoparticle

Penicillin,
streptomycin

Streptococcus
pyogenes, Escherichia
coli

Medicine,
pharmaceuticals

Ismail and
Gopinath
(2017)

Zein coating Au
nanoparticles

Bacillus pumilus, Bacil-
lus, Shigella sonnei,
Pseudomonas
aeruginosa, Aedes
aegypti larvae

Biofilm and
Aedes aegypti
mosquitoes
control

Suganya et al.
(2017)

Starch
nanoparticles

Potassium
sorbate

Escherichia coli, Staph-
ylococcus aureus

Food
preservation

Alzate et al.
(2016)

Gelatin
nanoparticles

Moxifloxacin Bacillus subtilis, Staph-
ylococcus aureus

Eye infection
therapy

Mahor et al.
(2016)

Chitosan-
coated algi-
nate
nanoparticles

Daptomycin Methicillin-susceptible
Staphylococcus aureus,
S. epidermidis, Staphy-
lococcus capitis, Staph-
ylococcus hominis,
Staphylococcus
lugdunensis,

Endophthalmitis
therapy

Costa et al.
(2015)

(continued)
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SNPs enabled the controlled release and higher stability of the antimicrobial
compound.

Chitosan is a polysaccharide composed of randomly distributed β-(1! 4)-linked
D-glucosamine and N-acetyl-D-glucosamine units (Aider 2010). Chitosan has been
applied in the food, cosmetic, biomedical, and agricultural fields due to its low
toxicity, biodegradability, and biocompatibility (Ma et al. 2017, Aider 2010). Cur-
rently, there are many antimicrobial ENMs based on chitosan, also because chitosan
has intrinsic antimicrobial activity (Ma et al. 2017). Melo et al. (2018) tested
chitosan nanoparticles as coating for table grapes. The chitosan nanoparticles were
prepared by ionotropic gelation and displayed minimal inhibitory concentration
(MIC) from 2 to 3 g L�1 tested for S. aureus, Listeria monocytogenes, Pseudomonas
aeruginosa, Salmonella ssp., and E. coli. Zimet et al. (2018) loaded nisin, a
34-amino acid lantibiotic, into chitosan nanoparticles synthesized by ionotropic
gelation. The chitosan nanoparticles presented diameter of 66 nm and nisin encap-
sulation efficiency of 36% and prolongated the shelf life of beef when stored at 4 �C.

Chitosan nanoparticles have also been tested for medical applications.
Ameeduzzafar et al. (2018) encapsulated levofloxacin, a synthetic third-generation
fluoroquinolone, into chitosan nanoparticles (150–300 nm). The antibacterial
chitosan nanoparticles were prepared by ionotropic gelation and achieved
levofloxacin encapsulation efficiency of 56–76%. The levofloxacin-loaded chitosan
nanoparticles were also effective against Pseudomonas aeruginosa and S. aureus,
but they were nontoxic as ocular dosage. Chitosan nanoparticles prepared by
ionotropic gelation were also loaded with spiramycin to treat acute and chronic
toxoplasmosis in mice. The spiramycin-loaded chitosan nanoparticles presented

Table 10.2 (continued)

Biopolymer
Antimicrobial
agent Target microorganism Application References

Staphylococcus
haemolyticus, Staphylo-
coccus warneri

Zein
nanoparticles

Thymol,
carvacrol

Listeria monocytogenes,
Staphylococcus aureus,
Escherichia coli, Sal-
monella enterica subsp.
enterica serovar.
typhimurium

Food
preservation

Da Rosa et al.
(2015)

Sodium
caseinate

Thymol Listeria monocytogenes Food
preservation

Pan et al.
(2014)

Starch
nanoparticles

Au
nanoparticles

Escherichia coli,
Enterobacter
aerogenes, Pseudomo-
nas aeruginosa, Staphy-
lococcus epidermidis,
Enterococcus durans,
Streptococcus bovis

Textile fibers,
film surfaces

Pender et al.
(2013)
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superior antibacterial effect than pure spiramycin against Toxoplasma gondii infec-
tion (Etewa et al. 2018).

Alginic acid is a biodegradable linear polysaccharide extracted from brown
seaweed. Alginate is plentifully available, and it has also been used in the develop-
ment of antimicrobial ENMs. Motshekga et al. (2018) used sodium alginate (the
alginic acid salty form) beads to encapsulate ZnO nanoparticles supported in ben-
tonite. The alginate beads were obtained using CaCl2 solution as a precipitation
medium. The alginate beads containing ZnO were effective for water disinfection
once they were capable of inhibiting S. aureus growth both in natural and synthetic
water over 1 min. Praphakar et al. (2017) used sodium alginate-g-allylamine-man-
nose copolymer nanoparticles to encapsulate rifampicin, an antituberculosis drug.
The nanoparticles had size of about 300 nm, excellent drug encapsulation and
release performances, and strong antimicrobial activity against Mycobacterium
tuberculosis but, at the same time, low cytotoxicity for VERO cells. Costa et al.
(2015) prepared chitosan-coated alginate nanoparticles sized at about 400 nm and
used them as a nanocarrier for daptomycin intended for endophthalmitis therapy.
The antimicrobial potential of daptomycin was preserved after encapsulation, reveal-
ing good potential against methicillin-susceptible S. aureus, S. epidermidis, Staph-
ylococcus capitis, Staphylococcus hominis, Staphylococcus lugdunensis,
Staphylococcus haemolyticus, and Staphylococcus warneri. This daptomycin-
loaded nanocarrier exhibited a promising potential for the therapy of methicillin-
resistant Staphylococcus aureus (MRSA) bacterial endophthalmitis.

Some proteins have also been applied in the development of antimicrobial ENMs.
Suganya et al. (2017) developed gold nanoparticles (50–80 nm) coated with zein and
evaluated their antimicrobial properties against Bacillus pumilus, Shigella sonnei,
Pseudomonas aeruginosa, and instar larvae of Aedes aegypti, the major dengue and
Zika virus vector. The zein-coated AuNPs presented high antibacterial and
antibiofilm properties and the capability of controlling the A. aegypti larva popula-
tion growth. Da Rosa et al. (2015) encapsulated thymol and carvacrol into zein
nanoparticles and evaluated the stability of the antimicrobial ENMs over storage,
which presented high antimicrobial activity against gram-positive bacterium Listeria
monocytogenes and S. aureus. Mahor et al. (2016) synthesized gelatin nanoparticles
by a desolvation method using glutaraldehyde as a cross-linking agent. The gelatin
nanoparticles were loaded with moxifloxacin, reaching an encapsulation efficiency
of 57%. MGP1 considerably inhibited the S. aureus growth in comparison to the
commercial MoxiGram® eye drop solution. The moxifloxacin-loaded gelatin
nanoparticles were also stable, thereby being promising for the development of
eye infection treatment market products. Pan et al. (2014) used sodium caseinate, a
bovine milk protein, to encapsulate 1% w/v thymol using a high homogenization
treatment. The thymol-loaded sodium caseinate nanoparticles were tested against
Listeria monocytogenes inoculated into milk samples and presented high
antibacterial activity regarding media with different fat contents.

Overall, biopolymer-based ENMs offer a feasible, eco-friendly, and nontoxic
way to encapsulate antimicrobial agents to further improve their compatibility with
biological environments as well as to improve the release rate of the antimicrobial
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agent at specific sites with minimal efficiency loss and toxic side effects, which is
particularly favorable for medical and food applications.

10.4 Antimicrobial Layered Nanomaterials

One of the biggest challenges for the successful application of antimicrobials agents
is the control of the delivery mechanism. The revolutionary development of
nanomedicines has emerged as one of the most prominent research areas in biomed-
ical sciences. This interdisciplinary technology is a combination both of traditional
medical technology and nanotechnology with the particular exploitation of
the ENMs.

Bioinorganic nanohybrids have been of great interest due to their role both as
reservoirs and delivery carriers of functional biomolecules, which is useful for safe,
targeted, and controlled delivery systems. Numerous types of inorganic
nanoparticles are of potential interest in this context, including metal nanoparticles,
metal oxides and quantum dots, iron oxides and other magnetic nanoparticles,
mesoporous silica, carbon-based nanomaterials, and nanoclays. Layered materials,
such as some clay minerals, have been subjected to intense research not only due to
their eco-friendly, biodegradable, and biocompatible aspects but also due to the role
that these materials play in the development of drug delivery carriers in pharmaceu-
tical formulations, contributing to the effect of the drug activity by increasing or
decreasing the bioavailability of drug after administration (Ryu et al. 2010; Wang
and Zhang 2012; Djebbi et al. 2016a, 2016b).

Montmorillonite (MMT) [(Na,Ca)0.33 (Al,Mg)2(Si4 O10)(OH)2�nH2O] is a lay-
ered clay mineral composed of two silica tetrahedral sheets and one central octahe-
dral sheet of aluminum, bonded to oxygen atoms common to the two sheet surfaces.
MMT is well-known for its large cation exchange capacity. Similarly to MMT,
layered double hydroxides (LDHs) are known as anionic clays due to their structure,
which is based on cationic brucite-like layers and exchangeable interlayer anions,
represented by the general formula: [M2+

1 � xMx
3+(OH)2]

x+ (An�)x/n�yH2O, where
M2+ are bivalent cations, M3+ are trivalent cations, An� is a charge-balancing anion,
and x is the molar ratio (M3+/(M3+ +M2+)) ranging from 0.1 to 0.5. Due to anion-
exchangeable properties, LDHs can form bioinorganic hybrids with various anionic
drugs (Ryu et al. 2010). Additionally, MMT and LDH have been explored to achieve
a good combination between antimicrobial biomolecules and inorganic moieties
such as vermiculite, palygorskite, kaolin, bentonite, and zeolite (Rytwo et al. 2011).

The mechanisms involved in the clay-antimicrobial agent interaction include
strong and weak molecular bonding, predominantly hydrogen bonding, dipole-
dipole interaction, ion dipole interaction, covalent bonding, ion pairing, ion-π
interaction, and ion exchange mechanism (Jayrajsinh et al. 2017). Cohen et al.
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(2005) found that cation exchange and secondary organophilic adsorption are the
main mechanisms in the berberine (a powerful antimicrobial compound) adsorption
on MMT, while the mechanism for intercalation of antibiotics in LDHs occurs via
topotactic mechanism, and the interaction between the layers and the antimicrobial
agent is mainly through electrostatic interaction (Wang and Zhang 2012) (Fig. 10.2).

According to Häffner et al. (2017), the mechanism related to the microorganism
membrane-antimicrobial agent-loaded LDH interaction depends mainly on particle
size. With decreasing LDH crystal size, membrane binding and anionic lipid extrac-
tion is accentuated, making small LDH nanoparticles more effective for cell mem-
brane disruption than larger ones, translating into size-dependent synergistic effects
with the antimicrobial agent. Other authors have found that the larger the amount of
antimicrobial agent, the size, and z-potential of the loaded nanoparticles, the higher
the antimicrobial activity (Wu et al. 2011).

Antimicrobial biohybrids (inorganic layered material + antimicrobial agent) have
been applied in diverse fields. The self-controlled release property of LDHs based
upon antifoulant intercalated into LDH matrices creates new opportunities for the
preparation and application in the field of long-acting antifouling coatings (Sun et al.
2016). The well-known ion exchange property was used for immobilization of the
active agent on the inorganic matrix of Zn-Al and Mg-Al-LDHs. Both antibiotic
anions (benzoate, succinate, benzylpenicillin, and ticarcillin) and paeonolsilate
presented successfully antifouling activity against Micrococcus lysodeikticus and
Micrococcus and Ulva spores. Kinetic studies showed that the temperature control is
essential to guarantee the release of the antimicrobial agent and thus the antifouling
activity (Wang and Zhang 2012; Sun et al. 2016; Yang et al. 2017).

Other important application of biohybrids is as a drug carrier. For layered
materials, the intercalation of the antimicrobial agent is the main purpose because

Fig. 10.2 Interactions between antimicrobial agents and layered nanomaterials. (a) Layered
material (b) adsorption of the antimicrobial agent on the external layered nanomaterial surface;
(c) intercalation of the antimicrobial agent molecules within the nanomaterial interlayer region with
increase of the basal spacing
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it offers protection against adverse external conditions and may provide the release at
specific target sites. However, the activity of the antimicrobial agent must be
preserved after the intercalation process. Numerous studies have been focused on
strategies able to preserve the activity of the antimicrobial agent and guarantee the
intercalation effect. Thermal treatment of montmorillonite revealed that the largest
amount of intercalated gentamicin, an antimicrobial agent, is achieved at 50 �C and
presented the highest inhibitory effect against E. coli (Rapacz-Kmita et al. 2017).
The pH effect was also evaluated in relation to the adsorption of tetracycline
(TC) and minocycline (MC) in montmorillonite, which was high under acidic
conditions and decreased with the increasing pH. The inhibitory effect shown by
MC and TC was slightly reduced after intercalation, but the TC-MMT and
MC-MMT yet inhibited E. coli growth (Parolo et al. 2010).

Effective intercalation of the antimicrobial agents ampicillin and nalidixic acid in
Mg-Al-LDH was achieved by the ion exchange method. The nanohybrids were
effective in the releasing of the antimicrobial agents at appropriated medium, making
these nanohybrids very promising antimicrobial ENMs (Trikeriotis and Ghanotakis
2007). Cefazolin, a cephalosporin antibacterial class agent, was intercalated in
Zn-Al-LDH by ion exchange and stabilized by electrostatic interaction. The activity
against S. aureus increased when the cefazolin was combined with the Mg-Al-LDH
with respect to the cefazolin pure. Comparable results were achieved when berberine
was adsorbed in Mg-Al-LDH, with high destructive effect against S. aureus, Pseu-
domonas aeruginosa, and Bacillus subtilis (Ryu et al. 2010; Djebbi et al. 2016b).

Other possible manner for obtaining LDH-based antimicrobial biohybrids is
through the so-called coprecipitation route. Zn-Al-LDH intercalated with berberine
was able to cause high cytotoxicity and inhibitory effects on S. aureus, Pseudomonas
aeruginosa, and Bacillus subtilis (Djebbi et al. 2016a).Mg-Al-LDH intercalated with
cinnamic acid was also obtained by coprecipitation to be used against Phytophthora
capsici, a fungus responsible for important crop diseases. The Mg-Al-LDH-cinnamic
acid biohybrid was able to inhibit the growth of the fungus and contributed to green
protection of crops and agricultural products (Park et al. 2010).

Silver is a well-known broad-spectrum antimicrobial agent, which encourages its
application in different fields, as water and air purification, food production, cos-
metics, clothing, and numerous household products. Silver may be available at
different nanostructured forms such as stabilized silver salts, silver-dendrimer,
polymer and metal oxide composites, silver-impregnated zeolites, and activated
carbon materials (Bugatti et al. 2011).

Das et al. (2011) synthetized an AgNP/graphene (GrO) hybrid nanomaterial. The
GrO induced a binding capability that usually lacks in AgNPs and enhanced the
antimicrobial activity of the nanomaterial, which was effective against E. coli and
Pseudomonas aeruginosa. Ag-[Mg-Al]-LDH coatings exhibit excellent and durable
antimicrobial activities against both gram-negative (E. coli and P. Aeruginosa) and
gram-positive (B. Subtilis and S. Aureus) bacteria (Chen et al. 2012). The combina-
tion of silver with MMT was also evaluated and exhibited a combination of
accelerated and diffusion-controlled antimicrobial activity, with long-term impact,
where MMT provided a physically stable surface for nucleation of the AgNPs and
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Table 10.3 Recent achievements on nanolayered antimicrobial ENMs

Antimicrobial agent Layered ENM
Target
microorganism Application References

Silver Graphene oxide Escherichia
coli; Pseudomo-
nas aeruginosa

Antimicrobial
applications

Das et al.
(2011)

Silver MMT E. coli Antimicrobial
applications

Girase et al.
(2011)

Silver LDH E. coli;
P. aeruginosa;
B. subtilis;
S. aureus

Antimicrobial
applications

Chen et al.
(2012)

Gramicidin;
amphotericin B;
ampicillin; nalidixic
acid

LDH – Controlled
release systems

Trikeriotis
and
Ghanotakis
(2007)

Cinnamic acid LDH Phytophthora
capsici

Green pesticide Park et al.
(2010)

Tetracycline MMT Helicobacter
pylori

System to act
against
gastroretentive
infection

Iannuccelli
et al. (2015)

Tetracycline MMT E. coli Formulation of
topical products

Parolo et al.
(2010)

Sodium
paeonolsilate

LDH Ulva sp. Antifouling
coatings

Yang et al.
(2017)

Tetradecyl tributyl
phosphonium
bromide

MMT Vermiculite
(VER) and
palygorskite
Kaolin

E. coli; Staphy-
lococci aureus

Controlled
release systems

Wu et al.
(2011)

Sodium
paeonolsilate

LDH Ulva sp. Antifouling
agent

Sun et al.
(2016)

Cephalosporin LDH S. aureus Controlled
release systems

Ryu et al.
(2010)

Silver+TiO2 MMT E. coli decontamination Wu et al.
(2010)

Berberine LDH S. aureus;
P. aeruginosa;
B. subtilis

Controlled
release systems

Djebbi et al.
(2016b)

Gentamicin LDH – Controlled
release systems

Carja et al.
(2007)

Berberine LDH S. aureus;
P. aeruginosa;
B. subtilis

Controlled
release systems

Djebbi et al.
(2016a)

Benzoate; succinate;
benzylpenicillin;
ticarcillin

LDH Micrococcus
lysodeikticus

Antifouling
agent

Wang and
Zhang
(2012)
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effectiveness activity against E. coli. (Girase et al. 2011). Table 10.3 summarizes the
main achievements in the field of nanolayered materials and antimicrobial agents.

Therefore, lamellar systems are effective inorganic matrices for antimicrobial
agent protection against chemical and environmental degradation. They are
eco-friendly and biocompatible and may be used in several applications once they
are efficient delivery systems.

10.5 Antimicrobial Polymer Nanocomposites

The combination of antimicrobial compounds and nanoclays is a suitable approach
to control and avoid microorganism contamination. However, other combinations,
especially those between nanocomposites and polymers, also allow the exploitation
of antimicrobial structures for application in many other areas. The use of
bionanocomposites is expected to minimize environmental problems accompanying
conventional antimicrobial agents by reducing their residual toxicity, increasing
their efficiency and selectivity, and prolonging their lifetime. Furthermore, physical
polymer properties may be enhanced by the addition of nanoparticles. For example,
the addition of carvacrol-loaded MMT to methyl cellulose polymer films increased
the thickness and opacity; however the presence of carvacrol, an antimicrobial agent,
decreased these parameters. Additionally, the MMT concentration also controlled
the amount of carvacrol released from the nanocomposite films. The antimicrobial
nanocomposites were effective against E. coli and S. aureus (Tunç and Duman
2011). Thus, several bio-nanostructures can be useful to provide active and/or smart
properties for polymers applicable in the food packaging sector (Fig. 10.3).

Fig. 10.3 Schematic diagram illustrating the possible interactions between polymers and layered
nanomaterials. (a) Microcomposite: the polymer is unable to be intercalated within the layered
nanomaterial. (b) Intercalated structure: the polymer is intercalated within the layers of the
nanomaterials without delamination. (c) Delaminated structure: all the layers are completely
dispersed within the polymer matrix
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Chitosan is a bacteriostatic and fungistatic biopolymer, which is an adequate
property for food preservation. MMT has been added to chitosan films as a nanofiller
for enhanced mechanical properties and water vapor permeability. The presence of
plasticizer, such as glycerol, improved the chitosan intercalation within the MMT
galleries and enhanced the physical properties of the chitosan bionanocomposites.
Moreover, the chitosan-MMT bionanocomposites were effective in the inhibition of
Listeria monocytogenes and S. aureus (Lavorgna et al. 2010; Rhim et al. 2006).

Starch is a biodegradable and biocompatible polymer, which presents poor
mechanical properties and high water affinity. The inclusion of Na-MMT did not
impart antimicrobial activity to starch films; however properties including tensile
strength and gas barrier were improved. The addition of AgNPs and potassium
sorbate in the Na-MMT/starch nanocomposites at proper concentrations presented
antimicrobial activity against S. aureus, E. coli, Candida albicans, and Aspergillus
niger, respectively. The addition of MMT to the starch film delayed the release rate
of the antimicrobial agents and enabled the film to retain its antimicrobial properties
suitably over storage (Barzegar et al. 2014; Abreu et al. 2015; Heydari et al. 2013).
All nanocomposites cited above are suitable for food packaging applications.

Wound healing has evolved from the ancient times, and it is still necessary to
restore the integrity of the tissues. An ideal wound dressing should allow gaseous
exchange while acting as a barrier against microorganisms. Wound dressing mate-
rials should be nontoxic, nonallergenic, nonadherent, and easily removed without
trauma. A material that requires minimal processing and possesses antimicrobial
properties is also required (Jayakumar et al. 2011).

Polycaprolactone (PCL) is a biodegradable and easy processable polymer
enabling the production of tissue ingrowth with appropriate pore size and the
controlled delivery of drugs contained within their matrix (Woodruff and Hutmacher
2010). Nanohybrids based on ZnAl-LDH intercalated with antimicrobially active
benzoate derivatives, 2,4-dichlorobenzoate (BzDC), p-hydroxybenzoate, and
o-hydroxybenzoate, were dispersed in PCL. Exfoliated and microcomposite struc-
tures were obtained depending on the kind of interaction between the antimicrobial-
ZnAl-LDH and the PCL matrix. The release of the antimicrobial agents occurred
over a long time interval, and the amount released depended on the antimicrobial
anion/LDH layer interaction extent, the dispersion degree, and amount of LDH in the
nanocomposite. Also, the antimicrobial/LDH/PCL nanocomposites were able to
inhibit the Saccharomyces cerevisiae growth by 40% in comparison with the
medium without antimicrobial agent (Bugatti et al. 2011; Costantino et al. 2009).

The use of biohybrids based on Zn-Al-LDH and benzoate derivatives was also
evaluated in pectin films. The mechanical, thermal, and barrier properties of the
pectin film were improved for all antimicrobial-intercalated Zn-Al-LDHs; however,
the enhancement extent depended on the LDH interaction with the pectin matrix.
After exposure of the antimicrobial-intercalated Zn-Al-LDHs/pectin films to air for
12 months, there was no contamination; therefore, these bionanocomposites may be
suitable for wound dressing applications (Gorrasi et al. 2012).

Antibiotics such as tetracycline, doxorubicin, 5-fluorouracil, vancomycin, and
sodium fusidate were intercalated in Mg-Al-LDH by the ion exchange process. The
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obtained nanohybrids were dispersed in poly(lactide-co-glycolic acid) (PLGA)
films. The films reduced the burst antibiotic release phase and released effective
amounts of antibiotics continuously over weeks. Additionally, the antibiotic-Mg-Al-
LDH/PLGA bionanocomposites films inhibited the S. epidermidis growth. These
films could be applied at sites that require long-term antibiotic exposure as required
for wound dressing, due to the ability to maintain the release of the antibiotic in a
non-degraded state over long time period (Chakraborti et al. 2012).

AgNPs were also used in combination with polymer and layered materials for
different applications. Kanmani and Rhim (2014) combined gelatin, MMT, and
AgNPs to obtain nanocomposite films with minor elongation at break and strong
antibacterial activity against foodborne pathogens for food packaging usages. Sim-
ilar antimicrobial behavior was obtained when chitosan was used as the polymer
matrix, where the nanocomposite (chitosan + silver) was more effective as a biocidal
ENM than other pure nanoparticles. Interestingly, the mechanical properties and
water vapor barrier were increased for all nanocomposites (Trikeriotis and
Ghanotakis 2007). Incoronato et al. (2010) found that the silver antimicrobial
activity may be inhibited by association with polymers. The nanohybrid formed by
MMT and silver (Ag-MMT) was embedded in agar, zein, and PCL. The Ag-MMT
nanoparticles embedded in agar exhibited antimicrobial activity against selected
spoilage microorganisms, but no antimicrobial effects were recorded for zein and
PCL. Other nanocomposite and application developments are summarized in
Table 10.4.

Bionanocomposites appear to have a very bright future as biofunctional materials
for a wide range of applications.

10.6 Recent Patenting Trends in Antimicrobial ENMs

There has also been intense development of antimicrobial processes and products
based on nanotechnology, as attested by the increasing number of patents filled
worldwide. A search on the European Patent Office website (Espacenet) using the
keywords “nano” and “antimicrobial” retrieves 952 filled documents in the world-
wide database. Table 10.5 lists the principal countries responsible for the filled
patents. China is so far the leading country on antimicrobial nanotechnologies,
followed by South Korea, the United States, and Japan. Among the total of 952 pat-
ents, 482 relate to silver, while chitosan, antibiotics in general, essential oils, and
other antimicrobial substances relate to the remaining documents.

Currently, antimicrobial ENMs are present in various everyday products includ-
ing filters, clothes, wound dressings, kitchen tools, personal care products, etc. The
Nanodatabase (http://nanodb.dk/), which is an inventory of products created from
nanotechnology that are available at the European market, records currently 3037
products of which 51 and 129 are related to the antimicrobial and antibacterial
functions, respectively. However, 539 products relate to silver, which suggests that
silver-based ENMs have been used in a broader context.
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Table 10.6 lists the silver-based products registered on the Nanodatabase per
category of application. Products intended for health and fitness usages have been
the main uses of nanosilver possibly due to its antimicrobial activity.

Table 10.7 lists the silver-based products registered at the Nanodatabase per
country of origin. Differently from the patenting trend shown in Table 10.5, the
United States is the leading country in enabling silver-based nanotechnological
products to the European commercial market.

Overall, the technological potential of antimicrobial ENMs to improve the micro-
bial safety of different consumer goods is clear, as there are a huge market and
consumers favorable to absorb such products. In specific, there is plenty of room for
the development and innovation of antimicrobial ENMs containing antimicrobial

Table 10.5 Leading
countries in antimicrobial
nanotechnology patent filling

Country Number of filled patentsa

China 621

Republic of Korea 142

United States 46

Japan 19

Germany 9

Spain 9

Canada 6

United Kingdom 5

Others 95
aSearch conducted using the keywords “nano” and “antimicro-
bial” in both title and abstract of documents

Table 10.6 Number of
products containing
nanosilver registered in the
Nanodatabase (http://nanodb.
dk/) per category of
application

Category Number of products

Health and fitness 402

Food and beverages 46

Home and garden 53

Appliances 19

Goods for children 18

Electronic and computers 4

Automotive 4

Table 10.7 Number of
products containing
nanosilver registered at the
Nanodatabase (http://nanodb.
dk/) per country of origin

Country Number of products

United States 234

Germany 40

Poland 25

Republic of Korea 20

Belgium 15

Canada 14

Australia 11

France 8
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substances other than nanosilver. The worldwide concern about the
nanotoxicological effects of antimicrobial ENMs on the human health and the
environment may drive further developments toward effective antimicrobial
nanomaterials based on safe, nontoxic substances such as plant essential oils,
antimicrobial biopolymers, etc.

10.7 Conclusion

The antimicrobial ENMs described in this chapter denote that nanotechnology is
now fully applied for the development of nanosystems with remarkable antimicro-
bial activity. Recent scientific achievements demonstrate the enhancement of
antibacterial activity when classical antimicrobial agents are combined with
nanostructures. Improved antibacterial effects are now confirmed to imply in
reduced amounts of antimicrobial agents which is further positive for medical,
food, environmental, cosmetics, and agricultural applications. Besides, the combi-
nation of antimicrobials in general with different nanolayer materials provides a
great and efficient route for the delivery of antimicrobial agents to specific targets
with the use of antifouling agents and controlled/slow release of the antimicrobial
compound. The use of polymers extends the applications of antimicrobial ENMs to a
new, broader range. Therefore, antimicrobial ENMs improve the polymer properties
and provide the polymer with an antimicrobial character, which is very helpful for
preventing the proliferation of pathogenic microorganisms as well as extending
product shelf life. Effective antimicrobial wound dressing technologies with minor
side effects have also been developed. It is of paramount importance to conduct
toxicological analyses on all new antimicrobial ENMs in a postconsumer scenario in
order to guarantee minimal impact to environment and life.
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Exploitation of Nanoparticles
as Photocatalysts for Clean
and Environmental Applications
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Abstract Semiconductor photocatalysis is one of the most promising tools to
address energy crisis, global warming, and environmental pollution. Owing to its
exceptional physicochemical properties and biocompatibility, TiO2 nanoparticles
are commonly used as photocatalysts. TiO2 is a benchmark photocatalyst, and it
can be used for dye-sensitized solar cells, water splitting to produce hydrogen, air
purification, self-cleaning surfaces, disinfection of microbes, carbon dioxide con-
version, NOx removal, and degradation of various organic pollutants under
UV/visible/UV-visible/solar light irradiation. This book chapter covers the basic
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principles, mechanism, and environmental applications of TiO2 nanoparticles. The
photo-reactor designs (lab scale and pilot scale) and operational challenges are
described briefly. In addition to that, energy production of TiO2 using photovoltaics
and photoelectrochemical methods is also discussed briefly.

Keywords Nanoparticles · Photocatalysis · Energy · Environment · Solar light ·
Pollutants · Microorganisms · Self-cleaning

11.1 Introduction to Photocatalysts

Photocatalyst is a material that can stimulate the rate of a chemical reaction under
light irradiation. A photocatalyst must be stable under light, chemically inert,
economically cheap, and nontoxic. The photochemistry of nanoparticles is one of
the most significant research areas in the recent decades (Henglein 1997; Zhang et al.
1998). The unique physicochemical characteristics of these nanoparticles could be
the primary reason for this interest. Semiconductor nanoparticles are commonly used
as photocatalysts owing to their appropriate bandgap energy. The redox potential of
H2O/•OH couple (OH� ¼ > •OH + e�; E0 ¼ � 2.8 V) should exist within the
bandgap energy of the semiconductor (Hoffmann et al. 1995). Titanium dioxide
(TiO2), graphite-like carbon nitride (g-C3N4), and cadmium sulfide (CdS) are the
three main pillars of semiconductor photocatalysis research. TiO2 is the most
extensively used photocatalyst because of its biocompatibility, nontoxicity, bandgap
energy, light absorption efficiency, and photostability (Hoffman et al. 1992; Howe
1998; Aruna and Patil 1996; Malato et al. 2009; Coronado et al. 2013; Chen andMao
2007).

11.2 Application of TiO2 Nanoparticles in Photocatalysis

The application of TiO2 nanoparticles as photocatalyst was first discovered in 1956
(Kato and Mashio 1956; Fujishima and Honda 1972; Hashimoto et al. 2005). The
number of research articles in TiO2 (first-generation photocatalyst) was continuously
increased during the 1990s. During the 2000s, many researchers explored visible
light-active semiconductor photocatalysts (second-generation photocatalyst) espe-
cially metal-/nonmetal-doped TiO2 (Asahi et al. 2001). Visible light-active semi-
conductor nanocomposites with multiple features were also explored in the recent
decades (third-generation photocatalysts) (Fresno et al. 2014). The photoreduction
and photooxidation mechanisms of TiO2 nanoparticles are schematically displayed
in Fig. 11.1. When TiO2 is irradiated with light energy higher than the bandgap
energy, electrons and holes are generated in the conduction band (CB) and valance
band (VB) of TiO2, respectively. The photo-generated electrons and holes further
react with surface-adsorbed oxygen (O2) and water (H2O) to form reactive oxygen
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species (ROS). The photo-generated electrons and holes have a short lifetime, and
hence they should be utilized quickly to avoid the charge-carrier recombination at
the surface/bulk.

Interfacial recombination/charge transfer and trapping are the important photo-
chemical reactions. The formation of all ROS from O2 to H2O during semiconductor
photocatalysis is schematically shown in Fig. 11.2. ROS such as ●OH, H2O2, O2

●─,
and O2

1 would be produced from the stepwise photooxidation of H2O. Likewise,
O2

●─, H2O2, and
●OH would be created from the stepwise photoreduction of O2.

The organic pollutants/dyes/air contaminants/dirt/microbes/volatile organic carbon
(VOC)/NOx/Sox are completely degraded and mineralized by the repetitive attack of
ROS. The size of nanoparticles is more essential to achieve the maximum efficiency.
Photocatalysis is a surface phenomenon. Consequently, the photo-induced charge-
carrier recombination processes are strongly influenced by the surface area and
nanoparticle size. The surface recombination is faster than the interfacial charge-
carrier transfer process when the photo-generated holes and electrons are nearer to
the surface.

The efforts are still in progress to enhance the reactivity, selectivity, and
photocatalytic activity of TiO2 by focusing on the features such as crystal facet
engineering, phase transition, dimensions, etc. (Liu et al. 2011; Xu et al. 2013). In
this fashion, the introduction of disorder on TiO2 through hydrogenation or calci-
nation with sodium borohydride (called as black TiO2) was reported to shift the

Fig. 11.1 Schematic of photoreduction and photooxidation mechanism on the TiO2 surface for the
degradation of dyes/organics/VOC/NOx/microbes under light irradiation
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absorption edge of TiO2 to the visible region. The lattice disorder creates new energy
levels between the VB and CB of TiO2. The black TiO2 nanoparticles enrich the
photocatalytic activity via strong light absorption and effective electron-hole sepa-
ration (Ullattil et al. 2018).

The various applications of TiO2 nanoparticles are schematically displayed in
Fig. 11.3 (Hashimoto et al. 2005; Wold 1993; Konstantinou and Albanis 2004; Carp
et al. 2004; Blake et al. 1999; Fujishima et al. 2000; Grätzel 1999; Grätzel 2001; Fox
and Dulay 1993; Heller 1995; Chen and Mao 2007; Kočí et al. 2008).

TiO2 nanoparticles have been widely used in pigments, paints, papers, plastics,
printing inks, toothpastes, foods, and medicines. Since from the ancient time, both
rutile and anatase TiO2 have been commercially utilized as white pigments due to
their reflectance properties. Anatase is being employed as building pigments since

Fig. 11.2 Schematic of reactive oxygen species (ROS) generation from oxygen (O2) and water
(H2O) during semiconductor photocatalysis. (Reprinted from Nosaka and Nosaka (2017) with
permission from the American Chemical Society)

Fig. 11.3 Schematic for the applications of TiO2 nanoparticles. (Modified from Lan et al. (2013)
with permission from Elsevier)
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1916; on the other hand, rutile was introduced in 1940 as pigments to enhance the
opacity and durability. TiO2 nanoparticles are also utilized in sunscreens due to its
high refractive index. In recent review literatures (Bora and Mewada 2017; Hassan
et al. 2016; Nosaka and Nosaka 2017; Reddy et al. 2017; Wenderich and Mul 2016;
Zhang et al. 2016), the mechanisms and photocatalytic applications have been
discussed in detail. Though the TiO2 nanoparticles are used for various applications,
its energy- and environment-related applications are much important in the current
scenario.

11.3 Energy-Related Applications: Sunlight to Fuels

We are continuously forced to change our fossil energy sources due to environmen-
tal and socioeconomic concerns. Governments and researchers are primarily inter-
ested to find the alternative energy sources to maintain sustainability of the
ecosystem. In this circumstance, the research on renewable energy sources like
solar, wind, rain, tides, and biomass have received much attention. Among them,
inexhaustible solar energy is more popular due to its renewability and sustainability.

11.3.1 Photovoltaics

Under an applied electric field, the photo-induced electron and hole can be easily
separated from TiO2 nanoparticles. Based on this mechanism, different types of TiO2

photovoltaic solar cells have been reported since 1972 (Carp et al. 2004; Grätzel
1999, 2001, 2005; O’Regan and Grätzel 1991; Baran et al. 2017; Gu et al. 2017;
Kobosko et al. 2017). The schematic of Grätzel photovoltaic cell is shown in
Fig. 11.4 (Grätzel 1999).

The electrons are received by the photo-anode from the photosensitized dye under
light irradiation. The redox mediator species in the electrolyte are regenerated by the
photoreduction of electrons circulated through an external circuit at the cathode. A
solar-to-energy conversion efficiency of 10% was obtained (Grätzel 1999;
Nazeeruddin et al. 1993), while it is still lower than that of conventional silicon-
based photovoltaic cells (~20%).

11.3.2 Water Splitting and H2 Production

In 1972, Fujishima and Honda (1972) discovered that TiO2 nanoparticles can split
the water into H2 and O2 via photoelectrochemical (PEC) approach. Since then,
intensive research works have been performed (Pi et al. 2017; Peng et al. 2017; Liu
et al. 2017b); in this area the mechanism of TiO2 water splitting was reviewed in
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detail (Ni et al. 2007; Navarro et al. 2009). The schematic of PEC water splitting
using TiO2 is shown in Fig. 11.5. TiO2 electrode was connected to a platinum black
counter electrode through an electrical load, and it was exposed to UV light
irradiation. A flow of photocurrent from the platinum counter electrode to the

Fig. 11.4 Schematic and mechanism of dye-sensitized solar cell (Inset: SEM image of TiO2 photo-
anode). (Modified from Lan et al. (2013) with permission from Elsevier)

Fig. 11.5 Schematic of TiO2 PEC cell for water splitting. (Modified from Lan et al. (2013) with
permission from Elsevier)
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TiO2 electrode through an external circuit was observed when the TiO2 surface was
irradiated with light (λ < 415 nm). The current direction revealed that photoreduction
(hydrogen evolution) was occurred at the Pt electrode and the photooxidation
(oxygen evolution) was transpired at the TiO2 electrode.

This research evidenced (Fujishima and Honda 1972) the possibilities of water
splitting on TiO2 surface into O2 and H2 under UV-visible light irradiation according
to the following equations:

H2Oþ 2hþ ! 1
2
O2 " þ2Hþ ð11:1Þ

2Hþ þ 2e� ! H2 " ð11:2Þ

The overall photocatalytic reaction is

H2Oþ hν ! 1
2
O2 " þH2 " ð11:3Þ

Generally anatase TiO2 nanoparticles have higher water splitting efficiency as
compared to rutile nanoparticles. This may be ascribed to the high reduction
potential of photo-generated electron in anatase (Ohno et al. 2012). A
two-compartment PEC cell with cation exchange membrane and electro donors
(bromide ions) was reported in 1998 (Fujihara et al. 1998). A novel low-cost visible
light-assisted PEC cell using two photosystems was examined by Grätzel (2001).
The first photosystem was a nanocrystalline metal oxide thin-film (WO2 and Fe2O3)
electrode, and the second photosystem was a dye-sensitized nanocrystalline TiO2

cell. Maeda and Domen (2010) reported an effective Z-scheme system using
Pt/ZrO2/TaON and Pt/WO3 nanocomposites. A quantum yield of 6.3% was achieved
by the Z-scheme system under visible light irradiation. Less energy is required to
operate the PEC with two semiconductors as compared to the single semiconductor
system. Additionally, H2 and O2 evolution occurs separately, and this hampers the
reverse reaction. Nozik (1977) proved that water splitting could be done without
external potential. The incorporation of noble metals could enhance the
photoactivity of TiO2. The second-component incorporation is called as
co-catalyst. It is important to note that some of the active components such as
noble metals can catalyze the reaction between O2 and H2 to produce water again
in spite of water splitting. An efficient and durable photocatalyst is necessary to
implement the photocatalytic water splitting. Also, the selection of appropriate
co-catalyst may control the photocatalytic activity.

Though some photocatalysts like NiO/NaTaO3:La (QY ¼ 56% at 270 nm)
attained high photonic efficiency, the water splitting efficiency of pure water is not
sufficient (Kato et al. 2003). Because water oxidation is a multistep reaction, which
involves four electrons and needs the reaction of two hydroxyl radicals to produce
one hydrogen peroxide molecule.
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2OH ∙ ! H2O2 ∙ ! H2Oþ 1
2
O2 ð11:4Þ

The recombination of O2 and H2 can be avoided with the help of electron donors
or sacrificial agents (methanol or triethanolamine or sodium sulfide/sodium sulfite).
The photo-induced holes are easily scavenged by the sacrificial agents to avoid the
electron-hole recombination (Hernández-Alonso et al. 2009). Patsoura and his
coworkers (2007) reported a one-step approach for water purification and hydrogen
production using wastewater as sacrificial agent. Ohno et al. (2012) carried out a
long-term investigation on the stability of GaN:ZnO. They found that the
photoactivity was not changed for the first 3 months, but it was significantly reduced
(almost half of the efficiency) after 6 months. The loss of co-catalyst and the
hydrolysis of nitride were the main reasons for the poor efficiency. Tüysüz and
Chan (2013) prepared an amorphous and nanocrystalline Na2Ta2O6 photocatalyst
with porous matrix for the water splitting. These nanocrystalline photocatalysts
showed promising activity without any co-catalysts. In addition, novel electron
mediators such as the redox [Co(bpy)3]

3+/2+ and [Co(phen)3]
3+/2+ coupled with

Ru/SrTiO3:Rh and BiVO4 photocatalysts (Z-scheme photocatalysts) were examined
for overall water splitting under visible light irradiation. Likewise, Park et al. (2012)
used stainless steel as cathode for hydrogen production in order to reduce the cost.
Ryu et al. (2007) and Abdi et al. (2013) studied visible light-assisted water splitting
using CdS nanoparticles and Bi2S3 dispersed in zeolite-Y. To improve the efficiency
and minimize the unknown flaws between visible light absorption and suitable redox
capability, it is suggested to use solid solutions and heterojunctions with tunable
electronic structures. For a profitable solar-to-energy conversion and to utilize the
natural solar light, the photocatalysts should be developed with absorption capability
over 600 nm.

11.4 Environment-Related Applications

The developed and developing countries are facing a tremendous environmental
pollution by the industrialization and consumerization. These issues are associated
with the remediation of hazardous wastes and polluted groundwaters and the control
of toxic air contaminants. Owing to address such significant problems, governments
and funding agencies allocate a major portion of their grants toward renewable
energy production and environmental remediation research. Photocatalysis using
TiO2 nanoparticles is an environmentally benign method to address air, water, and
soil pollution with the help of inexhaustible solar energy (Hoffmann et al. 1995;
Wold 1993). Photocatalysis will be executed on the basis of photoreduction, photo-
oxidation, photo-sterilization, and photo-induced super-hydrophilicity (self-cleaning
surface) reactions (Hoffmann et al. 1995; Fujishima and Honda 1972; Fox and Dulay
1993). Several research articles and reviews have been published on the mechanism
and fundamental for all these phenomena.
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11.4.1 Air Purification

Most of the environmental air problems such as global warming, climate change,
stratospheric ozone depletion, and air quality degradation are caused by the atmo-
spheric emissions from domestic and industrial activities. Photocatalytic process
may significantly reduce their impact even at low concentrations as compared to
other conventional air treatment methods (such as adsorption, filtration, or combus-
tion). The application of photocatalytic systems for air purification is more attractive
(Mamaghani et al. 2017; Nie et al. 2018) for the industries though the scientific
reports are considerably higher for the photocatalytic water purification (Paz 2010).
Photocatalysis is an appropriate technology to degrade most of the air pollutants
including organic (simple alkanes, alkenes, alkynes, aromatics, alcohols, aldehydes,
ethers, or ketones), organic halogenated (trichloroethylene, tetrachloroethylene,
dichloroacetic acid, or trichloromethane), and organic/inorganic compounds with
heteroatoms (H2S, SOx, alkyl sulfides, NOx, amines) at the laboratory scale. Incor-
poration of TiO2 nanoparticles in building materials (such as tiles, paints, bricks)
substantially decreases the concentration of airborne pollutants such as CO2, NO2,
and volatile organic compounds (VOCs).

11.4.1.1 Removal of CO2

In 1979 (Inoue et al. 1979), the photoreduction of CO2 in water into formic acid,
formaldehyde, methanol, and methane was first reported using TiO2 nanoparticles.
Since then, the research was focused on photoreduction of CO2 by TiO2 under UV
(Anpo et al. 1997; Wu et al. 2005; Dimitrijevic et al. 2011) or visible light (Wu and
Chiou 2008; Woolerton et al. 2010) irradiation. Methane and/or methanol was
generally produced as a by-product of this process (Low et al. 2017). Owing to
minimize the photo-induced electron-hole recombination and enhance the efficiency
of CO2 photoreduction, the surface of TiO2 is deposited with metals such as Cu, Pt,
and Pd (Hirano et al. 1992; Ishitani et al. 1993; Yui et al. 2011). The mechanism of
CO2 photoreduction on metal-doped TiO2 is schematically expressed in Fig. 11.6.

The mechanism of photocatalytic CO2 transformation to methoxyl radical over TiO2

surface in the presence of dissociated/bound water is schematically shown in Fig. 11.7.
The O¼C¼O bond cleavage initiates the electron transfer and absorption of

hydrogen atoms for formate ion production. Subsequent electron/proton transfer
leads to methoxyl radical formation which further reduces to methane on TiO2

surfaces.
Kwak et al. (2015) studied the photoreduction of CO2 using Ni-doped TiO2 under

UV light irradiation. The photocatalytic CO2 reduction experiments were carried out
in a circulated liquid photo-reactor (Fig. 11.8). The highest CH4 yield was achieved
by TiO2 with 0.1 mol % of Ni. This is attributed to the high surface area and electron-
hole separation via the formation of new energy levels by Ni dopant.
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11.4.1.2 Removal of NOx

To confirm the photocatalytic removal of NOx at ambient conditions and at large
scale, NOx concentration was observed over different periods (Chen and Chu 2011;
Papailias et al. 2017; Yao et al. 2017). The oxidation NO2 to nitrate ions will occur
very slowly under normal atmospheric conditions. TiO2 nanoparticles catalyze the
photooxidation of NO2 and NO into nitrate ions in air using hydroxyl and superoxide
radicals (Dalton et al. 2002).

NO2 þ ∙OH ! Hþ þ NO�
3 ð11:5Þ

NOþ ∙O�
2 ! NO�

3 ð11:6Þ

Since then, the less harmful nitrate ions can be either removed by rainfall or
soaked into concretes forming stable compounds as weak nitric acid and incorpo-
rated to the nitrogen cycle by plants and microorganisms (Chen and Poon 2009;
Hüsken et al. 2009; Skalska et al. 2010). To retard the catalytic poison and increase

Fig. 11.6 Schematic for the mechanism of CO2 photoreduction on metal-doped TiO2. (Modified
from Linsebigler and Lu (1995) with permission from the American Chemical Society)

Fig. 11.7 Schematic for the mechanism of photocatalytic CO2 transformation to methoxyl radical
over the TiO2 surface in the presence of dissociated/bound water. (Modified from Dimitrijevic et al.
(2011) with permission from the American Chemical Society)
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the catalyst lifetime, alkaline additives with high O2 and NO3
� adsorption capacity

were incorporated (Ichiura et al. 2003). Nevertheless, the gaseous nitrous acid
formation (Langridge et al. 2009) and nanoparticle inhalation are harmful to the
health (Lee et al. 2010).

11.4.1.3 Removal of Volatile Organic Compounds (VOCs) and Others

The hazardous volatile organic compounds (VOCs) are released into the environ-
ment by human and industrial activities. They cause serious health issues to all living
systems. VOCs can be effectively degraded by the TiO2 nanoparticles (Ji et al. 2017;
Qian et al. 2017). The degradation of benzene and other persistent VOCs was
demonstrated by N- and Pt-doped TiO2 (Pt/TiO2�xNx) under visible light irradiation
(Li et al. 2008). The interfacial electron transfer was enhanced by the N doping and
Pt incorporation. Ethylbenzene, o-xylene, m-xylene, and p-xylene were successfully
removed at indoor air levels in an annular reactor using N-TiO2 (Li et al. 2008). The
superior photocatalytic activity was attained by low stream flow rate and low
hydraulic diameter in the reactor. Likewise, N-TiO2/zeolite composite was studied
for the removal of toluene (Wei et al. 2010). VOCs such as trichloroethylene,
isooctane, acetone, methanol, methyl ethyl ketone, t-butyl methyl ether,
dimethoxymethane, and methylene chloride can be abated by TiO2 nanoparticles

Fig. 11.8 Schematic of experimental setup for the photoreduction of CO2 in a circulated liquid
photo-reactor. (Reprinted from Kwak et al. (2015) with permission from Elsevier)
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with a high conversion yield of ~90% (Alberici and Jardim 1997). Studies revealed
that a high potential is required for industrial process vents and indoor air treatments
for the removal of VOCs. Kemme et al. (1999) executed a large-scale study to
moderate VOCs and nitroglycerine from solvent multi-base propellant production at
Radford Army Ammunition Plant (Virginia, USA) using photocatalytic oxidation
technology.

11.4.2 Water/Soil Purification

The water and soil pollution is caused by the persistent organic pollutants (POPs)
and endocrine-disrupting compounds (EDCs) released from domestic and industrial
activities (like pharmaceuticals, agrochemicals, polymers, and automobile indus-
tries). Existing conventional water treatment technologies (physical, chemical, or
biological) are not effective for the removal of toxic pollutants, and the operation
cost is considerably high (Kasprzyk-Hordern et al. 2003; Benotti et al. 2009).
Besides, the usage of conventional technologies is regulated by EU directives such
as 85/337/EEC, 91/271/EEC, 76/464/EEC, 2010/75/EU, and 2006/118/EC due to
their ineffectiveness and incomplete biodegradation of the waste products (Fagan
et al. 2016).

Semiconductor photocatalysis can degrade a wide range of POPs (sources from
pharmaceuticals, steroids, antibiotics, phthalates, disinfectants, pesticides, fra-
grances, preservatives, and additives) and EDCs (such as polycyclic aromatic
hydrocarbons, alkylphenols, bisphenol A, organotins, dyes, surfactants, pesticides,
volatile organic compounds, heavy metals, natural and synthetic estrogenic
chemicals, and heavy metals). The utilization of TiO2 for the degradation of various
toxic contaminants has been highlighted in several publications (Alrousan et al.
2012; Ahmed et al. 2011; Teh and Mohamed 2011; Prieto-Rodriguez et al. 2012a, b;
Chong et al. 2010; Chatterjee and Dasgupta 2005; Qu et al. 2013; Kabra et al. 2004;
Rizzo et al. 2009; Ali and Kim 2018; Mahadik et al. 2017; Vignesh et al. 2014a).
Table 11.1 summarizes the key findings on the photodegradation of various organic
pollutants using TiO2 nanoparticles.

The use of immobilized TiO2 for the photodegradation of 15 selected CECs in a
simulated and real effluent wastewater under solar irradiation was studied by
Miranda-Garcia et al. (2011). TiO2 was immobilized on borosilicate glass support
to overcome the recovery of nanoparticles for recycling. The efficiency of TiO2 was
still maintained after five recycles for the simulated water system. For the real
effluents, the complete photodegradation was achieved by immobilized TiO2 in a
shorter duration as compared to TiO2 suspension. Carbamazepine (CBZ) is a
derivative of dibenzazepine used primarily in the treatment of epilepsy and relief
of neuralgia and psychotic disorders. It was found to be a stable contaminant,
hazardous to aquatic life, and not easily degraded in the treatment plants (Jelic
et al. 2011). Haroune et al. (2014) found that CBZ and its three important metabo-
lites were effectively degraded using TiO2 under solar irradiation. TiO2
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Table 11.1 A summary of photocatalysts used for the degradation of various pollutants

S. no. Photocatalyst
Pollutants (CECs and
EDCs) Remarks References

1 P25 TiO2 on FTO
glass

Amino acids and
derivatives

The degradation products
and amino acids were
decomposed into NO3�,
NH4+, and CO2

Hidake
et al.
(1997)

2 P25 TiO2 on Ti
plate

Imidacloprid Apparent rate constant for
PEC was higher than the
normal photocatalysis

Philippidis
et al.
(2009)

3 TiO2 thin films Rose bengal dye PEC oxidation was faster
than the normal
photocatalytic oxidation
with TiO2 concentration
below 0.3%

Li et al.
(2000)

4 Remazol Brilliant
Orange 3R dye

The dye degradation rate
was improved in the pres-
ence of chloride electrolyte

Zanoni
et al.
(2003)

5 Simulated tannery
effluent

100% dye decolorization,
surfactant removal, and Cr
(VI) reduction

Paschoal
et al.
(2009a)

6 Disperse dyes from a
textile industry

89% of dye decolorization
with 69% of COD removal
and 50% TOC reduction

Paschoal
et al.
(2009b)

7 Indigo carmine dye The authors applied con-
trolled current instead of the
constant potential in PEC
oxidation

Guaraldo
et al.
(2011)

8 Metallophtalocyanine
(reactive turquoise
blue 15 dye)

95% of mineralization and
69% of copper removal

Osugi et al.
(2005)

9 TiO2 NTs Bisphenol A 100% of degradation and
mineralization of bisphenol
A was attained

Brungnera
et al.
(2010)

10 Ofloxacin 100% degradation of 40 mg/
L ofloxacin was achieved
with 70% of COD removal

Li et al.
(2014)

11 Triclosan The authors identified that
intermediates formed during
PEC were more toxic and
stable than triclosan

Liu et al.
(2013)

12 TiO2 NTs and
wormhole-
shaped TiO2

electrode

Alachlor (herbicide) TiO2 NTs electrode showed
superior performance than
wormhole-shaped TiO2

electrode

Xin et al.
(2011)

13 TiO2 nanostruc-
tured electrode

Chlortetracycline and
carbamazepine

The factors that influence
the pollutant degradation,
kinetics, and by-products
were analyzed in detail

Daghrir
et al.
(2012a,
2013)

(continued)
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Table 11.1 (continued)

S. no. Photocatalyst
Pollutants (CECs and
EDCs) Remarks References

14 TiO2 NTs deco-
rated with Sb2S3
particles

Arianor Tyrian Pur-
ple® dye (ATP)

TiO2/Sb2S3 showed strong
photoabsorption in the visi-
ble light region (λ < 740 nm)

Bessegato
et al.
(2014)

15 TiO2 NTs deco-
rated with Pt
nanoparticles

Acid red 29 100% of dye decolorization
with 92% mineralization
was achieved by Pt-TiO2

Almeida
and Zanoni
(2014)

16 TiO2 NTs deco-
rated with Pd
nanocrystallites

Diclofenac Pd/TiO2 NTs displayed
maximum photovoltage,
photocurrent density, and
electron density

Cheng
et al.
(2013)

17 TiO2 NTs modi-
fied with molec-
ular imprinted
polymer (MIP)

Tetracycline hydro-
chloride (TC)

The adsorption capacity of
TC was improved by MIP.
The PEC activity of
MIP-TiO2 was1.2 times
higher than that of TiO2

Lu et al.
(2008)

18 N-doped TiO2 Chlortetracycline
(CTC)

Bandgap energy was shifted
from 3.2 to 2.3 eV after
N-doping. 100% degrada-
tion of CTC with 92% TOC
removal was achieved

Daghrir
et al.
(2012b,
2014)

19 B-doped TiO2

NTs
Acid Yellow 1 dye
(AY1)

The light absorption of TiO2

NTs was enhanced by
B-doping. B-TiO2 NTs
showed high photocurrent
and PEC response

Bessegato
et al.
(2015a)

20 W-doped TiO2

NTs
Rh-B dye W-TiO2 NTs exhibited best

PEC efficiency than pure
TiO2 NTs

Gong et al.
(2013)

21 Cr-doped TiO2

NTs
p-Nitrophenol (PNP) PEC efficiency of Cr-TiO2

NTs was quite stable after
recycling

Yang et al.
(2014)

22 N-/Zr-doped
TiO2 NTs

4,40-Dibromobiphenyl Co-doped TiO2 showed the
highest PEC efficiency than
the single metal-doped TiO2

Liu et al.
(2010)

23 ZnO nanorods
embedded in
TiO2 NTs

Methyl orange dye Bandgap energy was shifted
from 3.34 eV (TiO2 NTs) to
3.03 eV (ZnO/TiO2 NTs)

Zhang
et al.
(2008)

24 TiO2 nanobelts
(NBs) decorated
with Au
nanoparticles

Tetrabromobisphenol
A (TBBPA)

The TiO2 NBs/Au
nanocomposites showed
maximum efficiency as
compared to pure TiO2 NBs
under irradiation of simu-
lated solar light and visible
light; after five cycles, the
PEC efficiency decreased
only 8%

Chen et al.
(2014)

Modified from Bessegato et al. (2015b) with permission from Springer Nature
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nanoparticles were also employed in the photodegradation of tamoxifen and gemfi-
brozil drugs under near-UV light irradiation (Yurdakal et al. 2007). The
photodegradation of lindane, an organochlorine pesticide, was reported by
Senthilnathan and Philip (2010) using N-doped TiO2 nanoparticles. N-doped TiO2

showed maximum efficiency when compared to other metal ion-doped TiO2.
2,4-Dichlorophenoxyacetic acid is a well-known herbicide and found in the surface
and groundwater from agricultural runoffs. Anatase and rutile forms of pure-, Fe-,
and N-doped TiO2 nanoparticles were studied for the degradation of numerous
phenoxy acid herbicides. The results showed that N-doped TiO2 anatase exhibited
the best efficiency than undoped and Fe-doped TiO2. The photocatalytic efficiency is
influenced by the molecular structure of herbicide and its interaction with the ROS
(Šojić et al. 2010). Mamane et al. (2014) employed N-doped TiO2 thin films on glass
slide surface to enhance the photodegradation of various chemical and biological
pollutants. Wang et al. (2013) explored the photocatalytic activity of C-, N-, and
S-doped TiO2 under visible light irradiation. Approximately, 68% of CBZ was
photodegraded over 120 min using C-N-S-TiO2.

Various TiO2 photocatalysts were found to be active for the degradation of
bisphenol A including nitrogen-carbon co-doped TiO2 (Wang and Lim 2010) and
nitrogen-doped TiO2 hollow spheres (Subagio et al. 2010) under LED light irradi-
ation. The photocatalytic performance of metal-doped TiO2 was 90% higher than
that of bare TiO2. The use of light-emitting diodes has several benefits like energy
efficiency, flexibility, and extended lifetime. The degradation of bisphenol A in
water favors at the neutral pH and blue LED (465 nm) light irradiation. Nitrogen-
doped TiO2 supported on activated carbon (N-TiO2/AC) nanocomposites also
exhibited high adsorption and photodegradation of bisphenol A under solar light
irradiation. The photocatalytic activity of CuO/Pb2O3 was reported (Kamaraj et al.
2018) for the degradation of rose bengal dye under visible light irradiation. The
photocatalytic activity of the nanocomposite was two times higher than that of CuO
or Pb2O3. Ananpattarachai and Kajitvichyanukul (2015) reported the degradation of
dichlorodiphenyltrichloroethane (DDT) under UV and visible light irradiation using
N-doped TiO2. The efficiency under visible light was six times higher than that of
UV light for the complete DDT photodegradation. Atrazine (an herbicidal pollutant
found in soil and water) was studied for the photodegradation using
metalloporphyrins supported on TiO2 under visible light. Four different
metalloporphyrin systems were studied by Granados-Oliveros (2009) for the
photodegradation efficiency against atrazine. Copper (II) tetra (4-carboxyphenol)
porphyrin (TcPPCu(II))/TiO2 displayed maximum efficiency (82% of atrazine
removal) as compared to other photocatalysts during 1 h. NF co-doped TiO2 was
also studied for the degradation of atrazine under visible and solar light irradiation
(Barndõk et al. 2013; Andersen et al. 2013). Studies are also being carried out to
detect the presence of hormones and steroids in wastewater (Ying et al. 2002; Aris
et al. 2014; Vega-Morales et al. 2010). Several investigations have been conducted
for the removal of steroids from various water sources using TiO2 photocatalysts
under UV and solar irradiation (Oliveira et al. 2015; Dimitroula et al. 2012; Silva
et al. 2012; Sun et al. 2010; Puma et al. 2008; Pan et al. 2014; Mueses et al. 2013;
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Wang et al. 2015). For the remediation of 17βα-ethinylestradiol from aqueous
solution under solar light irradiation, two systems such as heterogeneous
photocatalysis (HP) and electrochemically assisted heterogeneous photocatalysis
(EHP) were studied using TiO2/WO3 electrodes (Oliveira et al. 2015). Among
them EHP system was found to be highly effective.

Metal vanadates such as silver vanadate (Ag3VO4), cadmium vanadate (CdV2O6),
and strontium vanadate (Sr3(VO4)2) were used with TiO2 to study the photocatalytic
degradation of fast green (FG) dye under visible light irradiation (Vignesh et al. 2013).
Approximately, 89% of FG (5 μM) photodegradation with 72% of COD reduction
and 66% of TOC removal were achieved using TiO2-Ag3VO4 during 180 min of
visible light irradiation. The maximum efficiency of TiO2-Ag3VO4 is ascribed to the
effective electron-hole separation/migration on the nanocomposite surface. Magneti-
cally separable MnFe2O4/g-C3N4/TiO2 was examined for the photodegradation of
methyl orange under simulated solar light irradiation (Vignesh et al. 2014b). The
nanocomposite showed maximum efficiency as compared to TiO2, g-C3N4,
MnFe2O4, and MnFe2O4/g-C3N4. This is attributed to the effective electron-hole
separation and strong visible light absorption. The photo-generated electron-hole
separation process on the nanocomposite is displayed in Fig. 11.9.

The effects of different operational parameters were already highlighted in many
books and review articles. The primary factors that influence the photocatalytic water
and soil treatment are pH, kinetics, cost, low-oxygen solubility, and low light
absorption in turbid waters (Vidal et al. 1999). Currently, researchers are interested
to use the combination of photocatalysis and biological water treatment technology to

H2O

MnFe2O4

MnFe2O4

g-C3N4

TiO2

MO

Products

O2

e-

e-

e- e-

h+ h+ h+

h+

e- e-

h+ h+ h+ h+

e-

e- e-

O2

•OH

•-

Fig. 11.9 The schematic of photo-generated electron-hole separation process on MnFe2O4/g-
C3N4/TiO2 under simulated solar light irradiation. (Reprinted from Vignesh et al. (2014b) with
permission from Elsevier)
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enhance the efficiency toward non-biodegradable water-soluble pollutants. The initial
pollutant concentration, flow rate, nature of catalyst, reactor design, light intensity,
and wavelength distribution are the key factors to determine the efficiency and
selectivity of a photocatalytic system. The effect of temperature is ignorable; how-
ever, high temperature may affect the lamp efficacy, favor the electron-hole recom-
bination, and hinder the adsorption of pollutants at the active sites. Hence, all the
operational parameters must be optimized first at the laboratory scale.

11.4.3 Degradation of Microorganisms and Cyanotoxins

Since Egyptian era, disinfection of water using solar power is being known; how-
ever, the first scientific report was published during 1870. The water purification
technology was developed only a century later in 1980. Earlier to the photocatalysis
technology, the physicochemical methods such as adsorption, ultracentrifugation,
chlorine, chlorine dioxide, ozone, and ultraviolet radiation were used to purify the
wastewater. Due to the low cost and the wide range of availability, chloride is
broadly used to purify the drinking water. However, chlorine can also form toxic
substance like trihalomethanes, and chlorine is found to be inactive to some micro-
organisms. Solar light-assisted semiconductor photocatalysis is one of the promising
technologies to disinfect the microorganism in a sustainable way. The microorgan-
isms are completely destroyed by the ROS produced from semiconductor
photocatalysis (Li et al. 2013; Liu et al. 2017a; Miao et al. 2017).

The photocatalytic disinfection was initially reported by Matsunaga et al. (1985)
using platinum-loaded TiO2 (TiO2/Pt) to inactivate Lactobacillus acidophilus, Sac-
charomyces cerevisiae, and Escherichia coli (103 cells/mL) under UV light irradi-
ation during 60–120 min. After this invention, this technology has been studied
extensively for a broad spectrum of microorganism such as bacteria, virus, fungi,
algae, protozoa, and cancer cells. Single and pure cultures of Escherichia coli are
used as a model target microorganisms for several investigations, and the important
key findings are shown in Table 11.2.

The photocatalytic disinfection mechanism of bacteria proceeds through the
following steps: (i) cell membrane damage, (ii) the leakage of internal bacterial
components from the damaged sites, and (iii) photocatalytic oxidation of the leaked
cell fragments by the ROS (Ganguly et al. 2018). Studies demonstrated that various
microbes like Staphylococcus aureus, Bacillus subtilis, Escherichia coli, Salmonella
typhimurium, and Micrococcus lylae were effectively disinfected by pure and doped
TiO2 photocatalysts (nitrogen (Dunnil et al. 2011), nitrogen-silver (Fisher et al. 2013;
Ashkarran et al. 2014), nitrogen-copper (Fisher et al. 2013), sulfur (Yu et al. 2005),
carbon (Shao et al. 2009), copper (Yadav et al. 2014), and graphene nanosheet (Cao
et al. 2013)-doped TiO2). Inactivation of Staphylococcus aureus by carbon-doped
TiO2 anatase-brookite heterojunction (80/20 ratio) under visible light irradiation was
studied by Etacheri et al. (2013). The effects of N- and S-dopants (doping and
co-doping) on TiO2 for Escherichia coli disinfection was studied by Pulgarin’s
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group (Rengifo-Herrera et al. 2008, 2009a, b). They found that the nature of the
dopant, surface hydroxylation, nature of light source, and the particle size of
photocatalyst are the key factors for the maximum generation of ROS.

Visible light-driven photocatalytic disinfection of various gram-negative and
gram-positive bacteria (E. coli, Staphylococcus aureus, and Enterococcus faecalis)
and fungi (Candida albicans, Aspergillus niger) was studied by Mitoraj et al. (2007)
using carbon-doped and Pt-modified TiO2 in both suspension and immobilized
reactors. Likewise, S-doped TiO2 was proposed for the destruction of gram-positive
bacterium Micrococcus lylae (Yu et al. (2005)) using a 100 W tungsten-halogen
lamp with a 420 nm UV cutoff glass filter. 96.7% destruction was achieved during
1-h treatment in a slurry photo-reactor using S-doped TiO2 nanoparticles. The
photocatalytic inactivation of Pseudomonas aeruginosa was studied using cadmium
sulfide (CdS)- and copper tungstate (CuWO4)-modified TiO2 nanoparticles under
visible light (Vignesh et al. 2014a). The photographs for the inactivation of
P. aeruginosa at various irradiation times are shown in Fig. 11.10. Most of the
bacterial species were inactivated by CdS-CuWO4-TiO2 during 150 min of irradia-
tion time. The high bactericidal activity of CdS-CuWO4-TiO2 is attributed to
repetitive attack of ROS and the effective binding of metal ions (Cd, Cu, and Ti)
with the bacterial cell wall, suggesting the cell membrane damage.

Fig. 11.10 Photographs for the inactivation of P. aeruginosa at various irradiation times using
CdS-CuWO4-TiO2. (Vignesh et al. (2014a) with permission from Elsevier)
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The photocatalysts such as Zr-doping (Swetha et al. 2010), and C-doping (Liu
et al. 2006) of TiO2 were studied for their efficiency to inactivate Pseudomonas
aeruginosa (Swetha et al. 2010) and Escherichia coli (Liu et al. 2006) under visible
light irradiation. Recently, a broad range of microorganisms (including bacteria,
virus, and fungi) were surveyed by Markowska-Szczupal et al. (2011) and Paspaltsis
et al. (2006) for the photocatalytic activity of TiO2 as mentioned in Table 11.3.

Though the hydroxyl radical (•OH) is accounted for the photocatalytic degrada-
tion of bacteria, the role of H2O2 and O2•

� is not ignorable. A plausible
photocatalytic mechanism for the bacteria degradation is demonstrated in
Fig. 11.11. A positive hole and an electron are generated in the VB and CB of a
semiconductor during the light irradiation. It will further react with the surface
oxygen/water to produce ROS such as O2•

�, 1O2, •OH, H2O2, and HO2
●. The

microorganism is degraded through cell wall damage by the ROS. The self-defense
mechanism of microbes is overwhelmed by the repetitive attack of ROS. Due to the

Table 11.3 A summary of microorganisms studied for the photocatalytic disinfection using TiO2

Gram-positive bacteria Gram-negative bacteria Virus Fungal species

Bacillus anthracis Salmonella typhimurium Astrovirus Aspergillus niger

Bacillus cereus Acinetobacter baumannii Bacteriophage
T4

Candida albicans

Bacillus pumilus Acinetobacter
calcoaceticus

Feline
calicivirus

Diaporthe actinidiae

Bacillus subtilis Bacteroides Hepatitis B Fusarium anthophilum

Clostridium
perfringens

Coliform bacteria Herpes simplex Fusarium equiseti

Deinococcus
radiophilus

Enterobacter cloacae Influenza virus Fusarium oxysporum

Enterococcus faecalis Fragilis MS2 phage Fusarium solani

Enterococcus faecium Klebsiella pneumoniae Poliovirus Fusarium
verticillioides

Enterococcus hirae Legionella pneumophila Rotavirus Penicillium expansum

Lactobacillus
acidophilus

Pseudomonas
aeruginosa

Penicillium
chrysogenum

Lactobacillus
helveticus

Pseudomonas putida Saccharomyces
cerevisiae

Listeria
monocytogenes

Pseudomonas stutzeri

Lylae Salmonella enterica

Micrococcus luteus Serratia marcescens

Micrococcus luteus Shigella flexneri

Streptococcus aureus Vibrio cholerae

Streptococcus
pyogenes

Vibrio parahaemolyticus

Streptococcus faecalis

Streptococcus mutans

Modified by from Coronado et al. (2013) with permission from Springer Nature
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different composition, structure, and cell wall thickness, the photocatalytic disinfec-
tion of fungi is considerably weaker than the bacteria (Malato et al. 2009).

Photocatalytic degradation of cancer cells is more difficult as compared to other
microorganisms because they are structurally complex and eukaryotic. Nevertheless,
photocatalysis stimulates the apoptosis of cancer cells through an unknown mech-
anism. TiO2-mediated destruction of brain cancer cells without damaging nearby
healthy cells was reported by Rozhkova et al. (2009). Viruses are much smaller in
size (0.01–0.3 μm) when compared to bacteria. Hence, the degradation rate of virus
is greater than the bacteria. The complexity and cell wall thickness determine the
efficiency of a photocatalyst. The rate of photocatalytic activity is in the following
order (Coronado et al. 2013): viruses > E. coli > other gram-negative bacteria > other
coliforms>Enterococcus species>gram-positive bacteria> endospores> yeasts>fil-
amentous fungi.

Cyanotoxins are the secondary metabolites that are produced by some
cyanobacteria under the favorable conditions of light and nutrients. They also
cause many harmful effects to living being and the environment. Various metal-
doped TiO2 nanoparticles including N-doped (Choi et al. 2007; Graham et al. 2010),
immobilized TiO2 (Antoniou et al. 2008), NF co-doped (Pelaez et al. 2010, 2011,
2012; Zhao et al. 2014), graphene oxide-modified (Fotiou et a. 2013), Rh-doped
(Graham et al. 2010), Pt-doped (Graham et al. 2010), and carbon-doped (Graham
et al. 2010) TiO2 were examined for the degradation of cyanotoxins in particularly
microcystin-LR (MC-LR) under visible light irradiation.

11.4.4 Photocatalysts for Active Surfaces

Under light irradiation, surfaces coated with certain semiconductor nanoparticles
showed wettability by means of lowering the water contact angle (WCA) on those
coated surfaces. This is called as photo-induced super-hydrophilicity. TiO2

Fig. 11.11 The proposed photocatalysis mechanism of bacterial degradation. (Modified from
Podporska-Carroll et al. (2015) with permission from Elsevier)
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nanoparticle-coated surfaces exhibited self-cleaning, antimicrobial, and antifogging
properties. Since from the past few decades, photocatalytic self-cleaning surfaces
have received much attention with a research focus from the laboratory to commer-
cial market. A combination of three mechanisms is generally being accepted for the
photo-induced super-hydrophilicity such as (a) generation of surface vacancies
(b) photo-induced Ti-OH reformation, and (c) photocatalytic removal of pollutants
and dirt (Fig. 11.12, Zhang et al. 2012).

Several factors influence the super-hydrophilicity such as surface roughness,
surface defects, residual tensile stress, and crystallographic facet. TiO2 nanoparticles
with self-cleaning action have been used in many features such as windows, walls,
roofs, vehicles, fabrics, antifogging glass, antibacterial surfaces, and building mate-
rials. The applications of self-cleaning surfaces are summarized in Table 11.4.

11.5 Operational Challenges and Future Perspectives

Although the nanoparticle photocatalysis has gained substantial achievement over
the past decades, this technology still has significant operational challenges as listed
below:

11.5.1 Photo-Reactors

Photodegradation of dyes or water contaminants is commonly carried out in an
immersion-type photo-reactor. The photographs and schematic of immersion-type
photo-reactor (HEBER: HIPR-Compact-P-8/125/250/400) are illustrated in

Fig. 11.12 Schematic for the mechanism of photo-induced hydrophilicity (Modified from Zhang
et al. (2012) with permission from the Royal Society of Chemistry)
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Fig. 11.13. The dye solution with required amount of TiO2 nanoparticles is taken in
the cylindrical glass vessel, which is surrounded by a quartz water jacket to keep a
constant temperature during the experiments. pH of the reaction mixture is adjusted
using dilute sulfuric acid (H2SO4) or sodium hydroxide (NaOH). Air is bubbled
continuously into the aqueous suspension using an air pump to provide a constant
source of dissolved O2. Before light irradiation, the suspension is initially stirred in
dark for 30 min to ensure an adsorption-desorption equilibrium. Xenon (Xe) arc
lamp or tungsten (W) lamp is used as the light irradiation source. The dye samples
are analyzed regularly from the reaction mixture at a specified time interval. TiO2

nanoparticles are removed by centrifugation (400 rpm for 10 min) or filtration (using
a Millipore filter with pore size of 0.2 μm). The concentration of dye is evaluated by
a UV-vis spectrophotometer at the corresponding λmax.

11.5.2 Pilot Plant and Scale-Up

Most of the research works have been executed at the laboratory scale. There are few
studies that have been performed at the piolet scale. For instance, photo-reactors
such as packed bed, parabolic trough, fixed/fluidized bed, inclined plate, corrugated
plate, and falling film were employed (Daghrir et al. 2012b) for the degradation of

Table 11.4 A summary of the applications of photo-induced self-cleaning surfaces

Substrate Property Application References

Tile Self-
cleaning

Kitchens, bathroom, roofs, and
walls

Benedix et al. (2000),
Bondioli et al. (2009), and
Xie and Lin (2007)

Metal Self-
cleaning

Self-cleaning steel for automo-
bile bodies, hospital equip-
ments, aluminum panels,
kitchens

Fallet et al. (2001), Nazeri
et al. (1997), Yu et al. (2003),
and Fernandez et al. (1995)

Glass Self-
cleaning

Windows, tunnel and road-
lighting cover glass, greenhouse
glasses, and vehicles

Wang et al. (1997), Parkin
and Palgrave (2005)

Antifogging Vehicle mirrors, road mirrors,
interior mirrors

Wang et al. (1997), Watanabe
et al. (1999), and Takata et al.
(2005)

Plastic/
polycarbonate

Self-
cleaning

Automotive industry and
buildings

Fateh et al. (2011), Carneiro
et al. (2007), and Yaghoubi
et al. (2010)

Textile/fiber/
cotton

Self-
cleaning
anti-odor

Household appliances, interior
furnishing, and protective
clothing and regular clothing

Qi et al. (2006), Tung and
Daoud (2009, 2011)

Antibacterial Hospital, health departmental
garments and uniforms

Tung and Daoud (2009)

Modified from Zhang et al. (2012) Energy and Environmental Science 5(6):7491–7507 with
permission from the Royal Society of Chemistry
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various pollutants. Despite the promising results at the laboratory scale, more
developments are required in the future for the degradation of persistent organic
pollutants (other than dyes) and the treatment of real effluents (such as municipal and
industrial effluents). Few research works reported for the photocatalytic degradation
of real effluents such as wastewater from oil field (Christensen et al. 2003) and textile
industry (Paschoal et al. 2009b; Baram et al. 2009). Sacco et al. studied the
photocatalytic treatment of municipal wastewater using a pilot-scale packed-bed
photo-reactor (Fig. 11.14) under visible/solar light irradiation. Nitrogen (N)-doped
TiO2 immobilized on polystyrene (PS) was used as photocatalyst. A solar compound
triangular collector (CTC) was used to concentrate the solar light. E.coli in the
municipal wastewater was successfully inactivated by the N-TiO2/PS under direct
solar light irradiation.

11.5.3 Cost and Energy

While selecting a cost-effective technology for the wastewater treatment, the factors
such as effluent condition before/after treatment, robustness of the system, regula-
tions, cost, and electric energy requirement (Bolton et al. 2001) should be consid-
ered. The use of photovoltaic materials with photocatalytic systems is an ideal
solution to reduce the cost in terms of electricity demand and maintenance. A
combination of photocatalysis with other sustainable technologies may be beneficial
to achieve maximum efficiency in industrial effluent degradation. The photostability
of nanoparticles is an important parameter that needs to be considered when com-
mercializing the photocatalyst (Herrmann 2010). Moreover, the partially degraded
contaminants block the active sites of the photocatalyst. This is attributed to the
strong adsorption of intermediates on the active sites of a photocatalyst, indicating
photocatalyst deactivation. Several efforts have been made to regenerate and reuse

Fig. 11.13 The photographs and schematic of the immersion-type photo-reactor
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the photocatalyst. Calcination (< 400 �C) in air (Pillai and Sahle–Demessie 2002),
sonication with water and methanol (Shang et al. 2002), and irradiation with UV
light in the presence of humid air (Ameen and Raupp 1999) or H2O2 (Piera et al.
2002) are the reported techniques to regenerate a photocatalyst surface.

Inspired by the structure and functionality of biological systems, recent studies
are focused on the design of photoactive devices. For example, to imitate the
photosynthesis of leaves, devices with hierarchical structure of leaves are developed
by the researchers. In these artificial systems, chlorophyll (the natural pigment) is
replaced by inorganic photocatalyst (Zhou et al. 2010). These biomimetic devices
are known as “artificial leafs” (Nocera 2012; Cox et al. 2013).

11.6 Summary

Photocatalysis using TiO2 nanoparticles is one of the eco-friendly technologies for
inexhaustible solar energy conversion. The significant perspectives of TiO2

nanoparticles for clean energy production and environmental remediation are sum-
marized briefly in this chapter. We could mineralize the POPs, disinfect microbes
(bacteria, virus, fungi), purify water/air, and produce energy (in the form of hydro-
gen) using TiO2 photocatalysis. TiO2-based products such as self-cleaning windows,
paints, building materials, and portable depollution system are already commercial-
ized in the market. The development of novel photocatalytic materials (2D materials,
perovskites, etc.) with enhanced efficiency is one of the hot research areas in the
recent years. Most of the research works in photocatalysis are carried out at the
laboratory scale using high-intensity artificial lamps. Future research works should

Fig. 11.14 Schematic of pilot-scale packed-bed solar photo-reactor. (Reprinted from Sacco et al.
(2018) with permission from Elsevier)
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be focused on the pilot-scale studies and commercialization of novel photocatalytic
materials for various applications under natural solar light.
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Abstract Nowadays, nanomaterials [NPs; size, 1–100 nm] have emerged as unique
antimicrobial agents. Specially, several classes of antimicrobial NPs and nanosized
carriers for antibiotic delivery have proven their efficacy for handling infectious
diseases, including antibiotic-resistant ones, in vitro as well as in animal models,
which can offer better therapy than classical drugs due to their high surface area-to-
volume ratio, resulting in appearance of new mechanical, chemical, electrical,
optical, magnetic, electro-optical, and magneto-optical properties, unlike from
their bulk properties. Thus, scientifically NPs have been validated to be fascinating
in fighting bacteria. In this chapter, we will discuss precise properties of microor-
ganisms and their modifications among each strain specifically. The toxicity mech-
anisms vary from one stain to another. Even the NP’s efficacy to treat against
bacteria and drug-resistant bacteria and their defense mechanisms change according
to strains in particular composition of cell walls, the enzymic composition, and so
on. Thus, we provide an outlook on NPs in the microbial world and mechanism to
overcome the drug resistance by tagging antibiotics in NPs and its future prospects
for the scientific world.

Keywords Nanoparticles · Antibacterial action · Microbial resistance · NP-assisted
drug delivery · Future prospects of NP-assisted therapy

12.1 Introduction

Antibacterial activity is regarded as the ability of the compounds that can kill or
reduce the progression of the bacterial growth. Most of the antibacterial agents
which are released in the market today are mainly either chemically synthesized or
naturally extracted (Nussbaum et al. 2006). Many natural products, such as
aminoglycosides, as well as purely synthetic antibiotics like sulfonamides are
often used. In broad spectrum, the mediator molecules of the compounds may be
either bactericidal (which kill bacteria) or bacteriostatic (slowing down bacterial
growth).
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There are some essential related terms for studying the antibacterial agents that
are mentioned as in the following:

Terms Explanation

Biocide A widespread chemical or physical agent which inactivates microorganisms

Bacteriostatic The property of a specific biocide agent which is able to bacterial multiplication

Bactericidal A specific term referring to the property by which a biocide is able to kill bacteria

Disinfectants Products or biocides used to reduce only the number of viable microorganisms on
the inanimate objects

Septic Characterized by the presence of pathogenic microbes in living tissue

Antiseptic A biocide or product that inhibits the growth of microorganisms in or on living
tissue

Aseptic Free of or using methods to keep free of microorganisms. h. Antibiotics: Natu-
rally occurring or synthetic organic compounds which inhibit or destroy selective
bacteria, generally at low concentrations

Sterilization The process where all the living microorganisms, including bacterial spores, are
killed. Sterilization can be achieved by physical, chemical, and physiochemical
means

Asepsis The employment of techniques (such as usage of gloves, air filters, UV rays, etc.)
to achieve microbe-free environment

12.1.1 Chemical and Physical Agents for Antimicrobial
Action

The chemical and physical agents are the most widespread methods used for
controlling microorganism. The physical methods include radiation, heat, and filtra-
tion which can destroy or eradicate detrimental microorganisms.

12.1.2 Radiation

Mainly there are two types of radiations, namely, ionizing and non-ionizing.
Non-ionizing rays are poorly penetrating low energy rays, while ionizing rays are
good penetrating high-energy rays.

Non-ionizing Rays These non-ionizing rays are with wavelength longer than the
visible light. Microbicidal wavelength of UV rays lies in the range of 200–280 nm,
with 260 nm being the most effective. UV rays generated from a high-pressure
mercury vapor lamp produce wavelength that maximally absorbs microorganisms
and causes the germicidal effect. UV rays induce formation of thymine–thymine
dimers, which ultimately inhibit DNA replication. A nonlethal dose UV ray even
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induces mutations in cells. The UV radiation inactivates microorganisms such as
bacteria, viruses, and yeast within seconds. Since UV rays don’t kill spores, they are
considered to be of use in surface disinfection.

Ionizing Rays Ionizing rays, similar to the prior, are of two types, particulate and
electromagnetic rays. Electron beams which are particulate in nature produce high-
speed electrons by a linear accelerator from a heated cathode, while gamma rays are
electromagnetic in nature and are employed to sterilize articles like syringes, gloves,
dressing packs, foods, and pharmaceuticals, and sterilization can be achieved in a
few seconds. Moreover, the instruments can be switched off.

12.1.3 Heat

Heat is another easier way of sterilization which exerts oxidative effects as well as
denaturation and coagulation of proteins. The objects that couldn’t withstand ele-
vated temperatures can quiet be sterilized at lower temperatures by extending the
interval of exposure. There are two types of heat sterilization – dry and moist heat.
The dry heat deeds by protein denaturation, oxidative damage, and toxic effects of
higher levels of electrolytes, while the moist heat cracks by coagulation and dena-
turation of proteins. Moist heat is more effective than dry heat in action as the
temperature necessary to exterminate microbe by dry heat is higher than the moist
heat. The minimum time required to kill a suspension of organisms at a
predetermined temperature in a specified environment is known as thermal death
time. In laboratory-scale cultures, a temperature of 121 �C for 15 min is utilized to
kill spores. This process is called autoclaving.

12.1.4 Filtration

Filtration as the word sense just separates microbes out instead of killing them.
Membrane filters with pore sizes ranging 0.2–0.45 μm are frequently used to
eliminate particles from solutions that are non-autoclavable. Numerous applications
of filtration contain measuring sizes of viruses, removing bacteria from ingredients
of culture media, separating toxins from culture filtrates, counting preparing suspen-
sions of viruses and phages free of bacteria, purifying hydrated fluid, and clarifying
fluids. Different types of filters are earthenware filters, membrane filters, sintered
glass filters, asbestos filters, as well as air filters. The additional antimicrobial agents
are those chemicals which rescind pathogenic bacteria from inert surfaces (Marzieh
et al. 2012).
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12.2 Biological Inhibitory Mechanisms

Antibacterial properties of drugs and its essential mechanisms behind the process are
very important to understand the underlying principles of its inhibitory action. Many
of the bactericidal/bacteriostatic antimicrobials used currently are the ones which
inhibit DNA, RNA, cell wall, or protein synthesis processes, as a result of the
specific mechanistic pathways as described below:

12.2.1 Inhibition of DNA Replication by Quinolones

The processes like DNA synthesis, mRNA transcription, and cell division require the
intonation of chromosomal supercoiling over strand breakage catalyzed by topo-
isomerase and rejoining responses (Gellert et al. 1976; Drlica and Snyder 1978;
Espeli and Marians 2004). The synthetic quinolone class of antimicrobials exploits
these reactions by targeting DNA–topoisomerase complexes (Sugino et al. 1977;
Gellert et al. 1977; Drlica et al. 2008). Quinolones a derivative of nalidixic acid was
introduced in the 1960s to treat urinary tract infections, which was a by-product of
the synthesis of chloroquine (a quinine; Hooper and Rubnstein 2003). Nalidixic acid
and other first-generation quinolones (e.g., oxolinic acid) are hardly used today
owing to their toxicity, whereas second (ciprofloxacin)-, third (levofloxacin)-, and
fourth (gemifloxacin)-generation quinolone antibiotics (Table 12.1) are widely
marketed. These can be classified on the basis of their chemical structure and of
qualitative differences between the killing mechanisms they execute (Rubinstein
2001; Hooper and Rubnstein 2003).

12.2.2 The Role of Protein Expression in Quinolone-
Mediated Cell Death

The double-stranded DNA breaks caused by topoisomerase inhibition by quinolones
induce the DNA stress response (SOS response), where RecA is stimulated by DNA
damage and encourages self-cleavage of the lexA repressor protein, persuading the
expression of SOS response genes such as DNA repair enzymes (Courcelle and
Hanawalt 2003) which enhances the activity of quinolones (except in the case of
nalidixic acid) (Howard et al. 1993). The prevention of the activation of the SOS
response has also been displayed to decrease the development of drug-resistant
mutants by hindering the generation of error-prone DNA polymerases (Criz et al.
2005), horizontal transfer of drug-resistant elements (Guerin et al. 2009), and
homologous recombination. Owing to these studies, illuminating the co-treatment
with the protein synthesis inhibitor chloramphenicol and quinolones inhibits the
ability of quinolones (Beaber et al. 2004)
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12.2.3 Inhibition of Cell Wall Synthesis: Lytic Cell Death

The bacterial cell is sheathed by strata of peptidoglycan (also known as murein), a
covalently cross-linked polymer matrix that is composed of peptide-linked β-(1–4)-
N-acetyl hexosamine. The mechanical strength afforded by this layer of the cell wall
is crucial to a bacterium’s ability to endure environmental conditions that can alter
prevalent osmotic pressures; of note, the degree of peptidoglycan cross-linking
compares with the structural integrity of the cell. Maintenance of the peptidoglycan
layer is accomplished by the activity of transglycosylases and penicillin-binding
proteins (PBPs; also known as transpeptidases), which add disaccharide pentapep-
tides to encompass the glycan strands of existing peptidoglycan molecules and
cross-link adjacent peptide strands of immature peptidoglycan units, respectively
(Bugg and Walsh 1992). The treatment with an inhibitor of cell wall syntheses
changes induction of cell stress responses, cell shape and size, and ultimately cell
lysis. For instance, β-lactams (including penicillins, carbapenems, and cephalospo-
rins) wedge the cross-linking of peptidoglycan units by obstructing the peptide bond
formation reaction that is catalyzed by peptidoglycan-binding proteins (PBPs) (Wise
and Park 1965; Holtje 1998; Park and Uehara 2008). This inhibition is achieved by
penicilloylation of the PBP active site – the β-lactam (containing a cyclic amide ring)
is an analogue of the terminal d-alanyl-d-alanine dipeptide of peptidoglycan.
Penicilloylation of the PBP active site blocks the hydrolysis of the bond created
with the now ring-opened drug, thereby disabling the enzyme (Waxman et al. 1980;
Josephine et al. 2004) through autolysis using autolysins. Autolysins are membrane-
associated enzymes that break down bonds of peptidoglycan strands. Autolysins
have also been displayed to show a part in lytic cell death in bacterial species that
contain numerous peptidoglycan hydrolases, such as E. coli (Tipper and Strominger
1965). In E. coli, a set of putative peptidoglycan hydrolases (lytM domain factors)
were shown to be important for rapid ampicillin-mediated lysis (Uehara et al. 2009).
The discovery that autolysins contributed to cell death expanded our understanding
of lysis and showed that active degradation of the peptidoglycan with inhibition of
peptidoglycan synthesis by a β-lactam antibiotic triggers lysis.

12.2.4 Non-lytic Cell Death

Streptococcus pneumoniae lacking peptidoglycan hydrolase activity can still be
killed by β-lactams, but at a slower rate than autolysin-active cells, indicating that
there is a lysis-independent mode of killing induced by β-lactams (Moreillon et al.
1990; Hoch 2000; Novak et al. 2000). For instance, in Staphylococcus aureus, the
lytSR two-component system affects cell lysis by modifying autolysin activity
(Burnskill and Bayles 1996). lytR triggers the manifestation of lrgAB, which was
found to impede autolysin activity and thereby lead to antibiotic tolerance. lrgA is
similar to bacteriophage holin proteins (Groicher et al. 2000), which control the
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access of autolysins to the peptidoglycan layer. Based on this evidence, a supple-
mentary holin-like system, cidAB, was uncovered in S. aureus and initiated to
activate autolysins, representing S. aureus more susceptible to β-lactam-mediated
killing. Complementation of cidA into a cidA-null strain inverted the damage of
autolysin activity but did not wholly reinstate sensitivity to β-lactams (Rice et al.
2003).

12.2.5 Role of the SOS Response in Cell Death by β-Lactams

The handling with β-lactams leads to variations in cell morphology that are accom-
panying with the primary drug–PBP interaction. Generally speaking, PBP1 inhibi-
tors source cell elongation and are strong activators of lysis, PBP2 inhibitors change
cell shape but do not lyse, and PBP3 inhibitors impact cell division and can persuade
filamentation (Spratt 1975). Accordingly, PBP1-binding β-lactams are also the most
effective inducers of peptidoglycan hydrolase activity, and PBP2 inhibitors are the
least proficient autolysin activators (Kitano and Tomasz 1979).

12.2.6 Inhibition of Protein Synthesis

The mRNA translation process occurs over three sequential phases (initiation,
elongation, and termination) that comprise the ribosome and a range of cytoplasmic
accessory factors (Garrett 2000). The ribosome is composed of two ribonucleopro-
tein subunits, the 50S and 30S, which assemble (during the initiation phase) follow-
ing the formation of a complex between an mRNA transcript, N-formylmethionine-
charged aminoacyl tRNA, several initiation factors, and a free 30S subunit. Drugs
that inhibit protein synthesis are among the biggest classes of antibiotics and can be
divided into two subclasses: the 50S inhibitors and 30S inhibitors (Table 12.2). 50S
ribosome inhibitors include lincosamides (e.g., clindamycin), macrolides (e.g.,
erythromycin), streptogramins (e.g., dalfopristin– quinupristin), amphenicols (e.g.,
chloramphenicol), and oxazolidinones (e.g., linezolid) (Nissen et al. 2000; Katz and
Ashley 2005). The 50S ribosome inhibitors work by physically blocking the access
of aminoacyl-tRNAs to the ribosome or either initiation of protein translation (as is
the case for oxazolidinones) (Patel et al. 2001). Among ribosome inhibitors, the only
class that is broadly bactericidal is naturally derived aminoglycosides. Macrolides,
streptogramins, spectinomycin, tetracyclines, chloramphenicol, and macrolides are
typically bacteriostatic; however, they can be bactericidal in a species- or treatment-
specific manner.

Even though antibiotics can be a preventive measure for bacterial growth, to the
excitement of the scientific community, they exhibit a phenomenon called microbial
resistance. This results in a portent that the microbe develops survival even when
antibiotics are administered after a point where which they get mutated itself and
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become resistant to those antibiotics which they have come across earlier in its
lifetime. Here comes the application of nanoparticles (NPs) as a carrier of antibiotics/
a replacement of antibiotics.

12.3 Positive Side: As an Effective Therapeutic Method
to Combat Microbial Resistance and Multidrug-
Resistant Mutants

Against microbial resistance and multidrug resistance (MDR), numerous NP vari-
ants and NP-based materials have been used as a new line of defense (Singh et al.
2014; Cavassin et al. 2015) having different mechanisms for compaction. The
complementary advantages of using NPs/nanotechnologies as antibacterial agents
compared with traditional antibiotics can be summarized as follows:

1. Overcoming the existing antibiotic resistance mechanisms including the disrup-
tion of bacterial membranes and the hindrance of biofilm formation

2. Combatting microbes using multiple mechanisms simultaneously
3. Acting as good carriers of antibiotics (Zhang et al. 2010)

12.3.1 Overcoming the Existing Antibiotic Resistance
Mechanisms

Many NPs usually counteract at least any one of the common resistance mecha-
nisms. These possessions are effect of the bactericidal mode of NPs, which bases on
their specific physicochemical properties (Chen et al. 2014). The uniquely small size
helps NPs to interact with cells due to a larger surface area-to-mass ratio with handy
and manageable application, in contrast to traditional antibiotics. Besides the inter-
ruption of bacterial membranes, difficulty of biofilm formation is another significant
mechanism, as they portray a major measure in the progress of bacterial resistance
(Peulen and Wilkinson 2011). The distinctive structure and arrangement of bacterial
biofilms deliver protection to the implanted microorganisms, assisting them to
escape from most antibiotics. Moreover, bacterial biofilms are “a breeding ground”
for regular resistance mutations and the interchange and variation of these mutations
among diverse bacterial cells (Khameneh et al. 2016). Studies have revealed that
many NPs can prevent or overcome biofilm formation, including Au-based NPs
(Yu et al. 2016), NPs, 7 CuO NPs (Miao et al. 2016), Ag-based NPs (Markowska
et al. 2013), ZnO Fe3O4 NPs, Mg-based NPs (Lellouche et al. 2012b), NO NPs
(Hetrick et al. 2009; Slomberg et al. 2013), and YF NPs (Lellouche et al. 2012a).
Better prevention of biofilms is attained by a lesser size and larger surface area-to-
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mass ratio, as well as the particle shape of NPs with an extraordinary outcome on
biofilm destruction (e.g., NPs with a rodlike shape are more operational than NPs
with a spherical shape).

12.3.2 Combatting Microbes Using Multiple Mechanisms
Simultaneously

The antimicrobial mechanism of traditional antibiotics is modest owing for bacteria
to develop resistance. In disparity to traditional antibiotics, NPs combat microbes via
multiple mechanisms that are simultaneously active. The advantage of these simul-
taneous mechanisms is that even though microbes have multiple mutated genes, Nps
can assist so as to reduce the microbial resistance.

12.3.3 Acting as Good Carriers of Antibiotics

NPs not only can combat bacterial and microbial resistance themselves, as men-
tioned earlier, but also can act as a “medium and carrier” of antibiotics. However, the
mechanisms of NP-based drug delivery are different from those presented earlier.

12.3.4 Several Types of NPs Are Currently Used for Drug
Delivery

Solid lipid (SL) NPs (Thukral et al. 2014; Naseri et al. 2015), liposomal NPs
(Daeihamed et al. 2017), polymer-based NPs, inorganic nanodrug carriers (including
magnetic NPs, mesoporous silica NPs, polymer micelles, carbon nanomaterials, and
quantum dots), dendrimer NPs (Liu et al. 2015), and terpenoid-based NPs (Abed and
Couvreur 2014) are used as a transporter for the supply of antibiotics; the central
advantages of NPs associated with conventional distribution systems are as follows:

Size The governable smaller size of NPs is appropriate for accompanying antimi-
crobial operations and fighting intracellular bacteria (Ranghar 2012). The manage-
ment of infections caused by intracellular strains with drug resistance is more
multifarious using antibiotics (Andrade et al. 2013; Qi et al. 2013) because of
antibiotics’ reduced membrane transport. Drugs of ordinary size have less influence
on intracellular microbes. An improved treatment method using drug-loaded NPs as
mediators has been projected to overcome the limitation.
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Protection NP carriers can aid to rise the serum levels of antibiotics and shield the
drugs from resistance by targeted bacteria. Within NP carriers, drugs are sheltered
from harmful chemical reactions so as to maintain the potency of the drugs.
Moreover, better efflux and reduced uptake of antibiotics in bacterial cells (such as
in P. aeruginosa and E. coli) are the normal and significant reasons for resistance to
traditional antibiotics. However, researchers have proved that numerous NPs can
incredulous these mechanisms (Muhling et al. 2009), preventing drug resistance. For
example, in the gastrointestinal tract, dendrimers can inhibit P-glycoprotein-medi-
ated efflux (Liu et al. 2015).

Precision and Security NP carriers can minimize systemic side effects and target
antibiotics to an infection site. When we use a carrier, we can reduce the side effects
(including drug toxicity) and can encourage a high-dose drug absorption at the
desired site. NP-based antibacterial drug delivery systems deliver the drug to the
site of action and therefore reduce the side effects. Targeted NP-based drug delivery
entails of active targeting or passive targeting. Active targeting is achieved through
NPs’ surface modification, allowing the NP-based drug delivery system to selec-
tively identify precise ligands on the cells at the site of infection, while passive
targeting is achieved through improved permeation and retaining at the infection site.
Active targeting embraces receptor targeting, temperature targeting, and magnetic
targeting (Xiong et al. 2012).

Controllability Controllable sustained discharge of antibiotics can be attained doc-
ilely. With a conventional delivery method, the blood drug level is maintained for a
short time with the lowest effective dose. As a consequence, frequent dosing is
obligatory, which leads to side effects. With the appropriate NP carrier or method of
drug release, the blood concentration of the medicine at the infection site can be
persistent at the compulsory effective level for a long time, occasioning in good
stability, compact frequency of medication, enhanced patient compliance, and con-
densed patient pain. Along with prolonged drug release (Liu et al. 2016), Nps are
effective even by different types of governable stimulatory factors (such as a
magnetic field, chemical agents, light, heat, and pH) (Lim et al. 2018; Wu et al.
2016; Baig et al. 2016).

Combination Many drugs can be packaged within the same NP or with assisted
constructs to increase the agents’ antibacterial properties. The concurrent combina-
tion of dissimilar drugs helps in developed efficiency due to the joint action of
multiple mechanisms. On the other hand, two or more types of NPs can be used in
combination for improved antibacterial effects and prevention of resistance (Liu
et al. 2015). Fusion NPs can maximize the powers while diminishing the weaknesses
of the individual types of NPs. For example, studies have shown that superior
efficacy of in vivo cellular delivery can be achieved by lipid–polymer hybrid NPs
compared with delivery without polymeric NPs or by liposomes (Hadinoto et al.
2013), which can effectively and expressively decrease the possibility of the growth
of bacterial resistance (Brooks and Brooks 2014). The abovementioned advantages
may unite in diverse combinations with different emphases in the process of actual
application.
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Size The recent studies have revealed that the size of NPs has a great role in its
bioactivity. The length and diameter of nanotubes were attuned by the anodic
oxidation process parameter by increasing the release time of drug. The TiO2
nanotubes and silica NPs administered syneretically on the composite films for
antibacterial activity resulted that the size of the TiO2 nanotubes basically dogged
the amount and machinery of the activity. Smaller NPs having larger specific surface
areas resulted in larger permeability to the cell membranes (Gurunathan et al. 2014;
Deplanche et al. 2010).

Shape Shape also accounts for antimicrobial activity. NPs interacting with periplas-
mic enzymes cause varying gradations of bacterial cell damage with respect to the
shape of NPs (Cha et al. 2015). A comparison of ZnO NPs with pyramid, plate, and
sphere shape showed the arrangement of β-galactosidase (GAL), and shape-specific
ZnO NPs produced photocatalytic activity (Prasannakumar et al. 2015). Pseudomo-
nas desmolyticum and S. aureus were greatly affected with prismatic-shaped Y2O3
NP due to the direct interaction between NPs and the surface of the bacterial cell
membrane (Hong et al. 2016). Moreover, cube-shaped AgNPs exhibit stronger
antibacterial activity than sphere-shaped and wire-shaped AgNPs with similar diam-
eters, due to the specific surface area and facet reactivity (Actis et al. 2015) having a
lesser effect on microbiota susceptibility (Talebian and Sadeghi 2014).

Roughness Roughness also acts as a factor with respect to antibacterial action as the
roughness of NPs increases the size and the surface area-to-mass ratio, which pro-
motes the adsorption of bacterial proteins, followed by a reduction in bacterial
adhesion (Sukhorukova et al. 2015).

Zeta Potential Recent studies have validated that the zeta potential for NPs has
durable influence on bacterial adhesion. The electrostatic attraction among positively
charged NPs and the bacterial negatively charged cell membrane has a positive
surface charge and is prone to being adsorbed on the bacterial surface and is
meticulously connected with bacteria, in contrast to their negatively charged coun-
terparts (Pan et al. 2013), and rises vascular permeability (Maeda 2010), by limiting
bacterial attachment through ion exchange (Fang et al. 2015). In comparison with
negatively charged and neutral NPs, positively charged counterparts have been
believed to enhance ROS production, which leads to interactions between the NPs
and the bacterial surface (Arakha et al. 2015).

Doping Modification The NPs used in clinics can be now altered for its aggregation
using doping modification techniques allowing NPs to disperse in hydrophilic or
aqueous environments. Doping modification is also one of the most operational
methods to normalize and regulate the interaction of NPs with bacteria. Lately, the
ZnO NPs with Au (gold) combination to form ZnO/Au nanocomposites were
administered to improve photocatalytic activity and to enhance ROS generation.
These effects are the result of the following factors: an altered ZnO bandwidth, better
light absorption owing to the surface plasmon resonance wavelength of Au,
enhancement of the photo-induced charge carrier reactivity, and amplified electron
transport efficiency and carrier charge separation (He et al. 2014). For instance, ZnO
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NPs doped with fluorine generate more ROS than ZnO NPs, resulting in greater
damage to bacterial cells (Guo et al. 2015; Podsporka et al. 2017). The ZnO NPs
have “O” content at the surface regulating antimicrobial effectiveness against both
Gram-positive and Gram-negative bacteria (Mehmood et al. 2015). Nano-TiO2
reduces the formation of biofilms in dental implants, showing greater antimicrobial
action. In comparison with unmodified TiO2, nano-TiO2 increases photocatalytic
activity, as the doped form can effectively extend the active spectrum to the visible
light region by the valence bandwidth elevation and the forbidden bandwidth
deprivation (Peng et al. 2010; Sangari et al. 2015).

Environmental Conditions Various environmental conditions displayed significant
differences in antimicrobial activity. For example, the temperature of the environ-
ment potentially influences the antibacterial activity following its effect on the ROS
generation rate. When ZnO NPs are encouraged by temperature, electrons are
detained at the active sites. Afterward, the electrons interact with oxygen molecules
(O2) for ROS generation, thereby increasing the antimicrobial effectiveness of ZnO
NPs. A decrease in the pH increases the rate of dissolute ZnO NPs, which elevated
the antimicrobial properties (Saliani et al. 2015). In addition, under acidic condi-
tions, the injury of ability of poly (lactic-co-glycolic acid) (PLGA)-poly(l-histidine)
(PLH)-poly(ethylene glycol) (PEG)-encapsulated vancomycin deceased selectively.
Certain results proposed that protonation of the imidazole groups of PLH selectively
under acidic conditions intensely influenced NP surface charge switching. The
surfaces of the NPs were charged positively at low pH that becomes beneficial to
the interaction with the negatively charged groups of the bacterial cell barrier,
prompting multivalent strong electrostatic regulation (Radovic et al. 2012). Another
study proposed that the interaction of Ag+ with dissolved oxygen and protons
caused an oxidative dissolution mechanism for AgNPs which could activate
AgNPs and release many Ag ions, enhancing the antibacterial activity of the
AgNPs in acetic acid than in neutral water (Peretyazhko et al. 2014).The culture
medium characteristics, such as osmotic pressure and pH, can influence the aggre-
gation, surface charge, and solubility of NPs. Antibacterial tests in five types of
media demonstrated that the antimicrobial activity of ZnO NPs is mainly due to free
Zn ions and zinc complexes. Furthermore, the medium can supply nutrients to
bacteria to improve their tolerance to NPs (Li et al. 2011). Finally, a study has
shown that preparation of ZnO NPs under different stirring conditions can affect
their antibacterial activity against Gram-positive (B. subtilis) and Gram-negative
(E. coli) bacteria and a fungus (C. albicans; Khan et al. 2016).

12.4 Mechanism of Action of Nanoparticles

One key element in the design of a more potent antibacterial system is the under-
standing of its mode of action. This involves two distinctive steps – the first one is
the way the system will behave in the physical or chemical modifications occurring
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in environments involving aggregation, dissolution, RedOx photo-reactions, release
of adsorbed silver species, adsorption or desorption of ions, molecular species or
polymers, or interaction with other nanoparticles or surfaces which can all have an
effect on the speciation of silver, modifying this metal availability and impacting the
antibacterial effect, while in the second step, the silver-containing species interact
with the bacterial cell and lead to the cellular death. This impact trusts on the
considered organism, even the synthetic parameters (ligand type, shape, size, wash-
ing steps, dispersion, evaluation procedures for bacterial strain used, growth inhibi-
tion due to toxicity criterion or full eradication, nature of the test to assess it, presence
of light or oxygen, composition of the medium, and so on) (Misra et al. 2012). As
many modes of action are hypothesized from experiential observations and condi-
tion evaluated, several decontamination pathways analyzed for silver nanoparticles
remain unclear to this date. But some of the theorized silver nanoparticle (AGNP)
effects are described in detail below followed by gold and metal NPs.

12.4.1 Role of Silver NPs in Antimicrobial Action

The presence of a Ag0 core has intuitively attributed the antimicrobial activity by
most researchers. AgNPs incline to accumulate at the bacterial membrane forming
aggregates when they are put in connection with bacteria and cause perforations
leading to cellular death (Li et al. 2010). However, different sizes (from 1 nm to
several hundreds of nm) also interact for the action mechanisms between biological
components and AgNP surfaces as the particle size can propose their action mech-
anism slightly without a secondary species. The AgNPs generate cytotoxic action by
inactivating enzymes of bacteria by producing reactive oxygen species (Kim and
Ryu 2013). Some other mechanisms give a prevalent role to Ag+ species. Some
systems containing initially silver (+1) species release ROS by simple dissolution or
ion exchange such as salts (Valentine et al. 1998), zeolites (Sambhy et al. 2006), or
ionomers (Dallas et al. 2011), which doesn’t happen with metallic Ag0
nanoparticles. Thus the monovalent silver species becomes antibacterial agent
keeping NPs as a reservoir. The silver ions possess affinity toward organic most
notably thiols with which they form a quasi-covalent bond (Ag–S binding energy
being around 65 kcal/mol), amines and phosphates. Affinity of Ag+ for selenol
groups is analogous (Han et al. 2001), but these moieties are fairly uncommon in the
living world. Furthermore, silver can act as a linking agent between several thiols
forming aggregation of the thiol-containing molecules which are irreversible (Parikh
et al. 1999). Several molecules (DNA, peptides (membrane-bound or inside the cell),
or cofactors) have been recognized as the target of these ions that was observed with
the dying bacteria. With contrast to the antibiotics which targets one particular
constituent of the bacterial life cycle, Ag+ ions will adsorb voluntarily to any high
affinity moiety; thus unlikely many pathways are affected causing the cellular death.
A much more probable hypothesis would be that silver binds non-specifically to a
wide variety of targets, perturbing simultaneously many aspects of the cell
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metabolism and leading to its death. Among all pathways affected, some are very
sensitive to little amount of silver species too. This capability to disrupt a large
variety of pathways may be one reason explaining the antibacterial action of silver
nanoparticles against a very broad spectrum of microorganisms. Park et al. presented
that developed ROS were intricated in more than half of the antibacterial activity by
comparing Ag+ action in the presence and absence of oxygenic respiration. The
release of chemisorbed ions at the surface of the particles along with oxidation was
another source of Ag+ ions in nanoparticulate systems (Dobias and Berrier 2013). A
percentage of the novel silver salt will remain oxidized comparatively even if a mild
reducing agent (such as sodium citrate) is added to the solution by remaining free in
solution or bound to the surface of the Ag0 nanoparticles by a group of pending
citrate ligands (Henglein 1998).

Chloride is much available in both environmental and biological systems which
forms the slightly soluble precipitate AgCl. However, in presence of excess chloride,
soluble silver (+1) polychloride species AgClx (x� 1)� are formed and contribute to
the antibacterial activity (Chambers et al. 2013; Levard et al. 2013). The size and
shape dependency of the nanoparticle also contributes to the release of Ag+ ions
required to dissolve AgNPs (Pal et al. 2007); Zhang et al. 2011). The improved
activity occurs due to a larger surface per unit of mass scales like 1/R (the number of
particles scales like 1/R3 and the surface like R2, with R the radius). These minor
NPs reveal more active surface and are thus more prone to dissolution. For analo-
gous reasons, accumulated NPs uncover a smaller amount of surface to the solvent
than separated NPs and possess a lesser antibacterial impact (Bae et al. 2010).
However, it has been recently validated by Liu et al. that the released Ag+ scale
well if the samples were regularized by their exposed surface. Afterward, Xiu et al.
showed in 2012 that the substantial parameters to evaluate the activity of silver
nanoparticles were the silver released as Ag+ and not the quantity of primary silver
added as nanoparticle (Fig. 12.1) to the solution.

The phytosynthesized AgNPs from Urtica dioica were explored for its
antibacterial activities for a range of pathogenic microorganisms, by Jyoti et al.
2016. The inhibition zone’s diameters in millimeter are presented in Fig. 12.2 and
Table 12.3. The AgNPs unveiled higher activity than AgNO3 solution and leave
extracts which were served as controls. Moreover, the antibacterial activities were
found to be augmented with the higher concentration of AgNPs. In present study,
zone of inhibition was found to be highest (27 mm) against S. marcescens and lowest
(18 mm) against K. pneumoniae. These findings are in agreement with previous
studies that examined antibacterial activity of AgNPs (Ghosh et al. 2012). However,
the mechanism of the inhibitory action of the metal nanoparticles on microorganisms
is not still clearly known and need further research assistance.
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Fig. 12.1 Different methods by which silver nanoparticles react for various physiochemical,
biological, and environmental conditions. (Courtesy to Nano today 2015, 10: 339–354)

Fig. 12.2 Antibacterial activities of synthesized silver nanoparticles of Urtica dioica. (Courtesy to:
J of Rad res and app sciences 9(2016): 217–227)
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12.4.2 Applications of Gold Nanoparticles

Very recently, in the research field , many applications for gold NPs (Au NPs)
starting from engineering to medicine, have been attributed (Patra et al. 2015). The
biocompatibility of gold nanoparticles made them fit enough to be used in the
treatment of arthritis and cancer (Jain et al. 2006) and antimicrobial therapies.
Under dark-field light-scattering microscopy, Au NPs can sense endocytosis,
tumor metabolites, and receptors in cells (Dykman and Khlebstov 2011). Some Au
NP-based diagnostic kits are under clinical trials (Kumar et al. 2015). Green-
synthesized Au NPs (Fig. 12.3) have also been used in the development of quanti-
fication of blood glucose, biosensors, toxic metals, disease markers, and insecticides
(Liu and Lu 2003). Au NPs also have the potential to degrade and detoxify toxic
pollutants (Lopez et al. 2004; Hernández et al. 2006). Some other applications have
been shown in Fig. 12.4.

For many decades, gold has been used as a treatment in many traditional
medicines. Robert Koch first explored the biocidal potential of gold (Glišić and
Djuran 2014). Apart from their other applications, due to its ability for the electro-
static flux across membranes, resulting in distorted membranes, the antimicrobial
activity of Au NPs has been typically oppressed (Li et al. 2010). Moreover,
nanoparticles also improve many gene expressions serving in redox processes
leading to microbial death (Nagy et al. 2011) through smaller size, distinctive surface

Fig. 12.3 The visual summary of gold nanoparticle synthesis and aggregation of the NPs
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chemistry, photothermic nature, and polyvalences (Gu et al. 2003; Gopinath et al.
2013). The reaction of Au Nps with sulfur- or phosphorus-holding bases leads to
inactivation of enzymes (nicotinamide adenine dinucleotide (NADH) dehydroge-
nases), which interrupt the respiratory chains by high amount of free radical gener-
ation causing cell death. Another proposed hypothesis is that these NPs decline the
ATPase activities and GNP may also prevent the tRNA binding to ribosomal subunit
(Cui et al. 2012). For instance, during leishmaniasis, Au NPs produces an elevated
electron numbers by yielding ROS (O � 2 and •OH). These ROS may even abolish
DNA and other cellular components of the pathogen. Another possible mechanism is
that these Au NPs obstruct the H+ efflux in the transmembrane.

Antimicrobial potential of the many NPs is determined by the size and surface
chemistry according to Herdt et al. stating that gold surface attachment leads to DNA
degradation (Brayner et al. 2006; Herdt et al. 2006). Moreover, according to Ahmad
et al. 2013, a 7 nm Au NPs could confine the H+ transmembrane efflux of the
Candida species further than the 15 nm Au NPs. Moreover, the antimicrobial
activity also differs according to the cell wall composition. This was well evidenced
by the Au NPs’ highest activity against Gram-negative bacteria than Gram-positive
bacteria due to the composition difference as described in earlier section. Other than
the cell wall structure of bacteria, surface modification (coating or capping agents),
concentration, and purification methods also affect the antibacterial activity (Zhang
et al. 2015; Kaviya et al. 2011). The antibacterial activity efficacy of Au NPs can be
enhanced by antibiotic coatings especially aminoglycoside antibiotics (Payne et al.
2016). It is very interesting that comparing green-synthesized Au NPs to chemically
synthesized Au NPs shows effectual antibacterial activity against certain bacterial
strains, which may be due to the synergistic effect of Au NPs and extracts (Mishra
et al. 2011).

12.4.3 Metal Oxide NPs

Recently, apart from ZnO used as a wide bandgap semiconductor (3.36 eV), with
potential electronic applications (Baxter and Aydil 2005) and a wide range of

Fig. 12.4 Several antimicrobial actions of nanomaterials
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nanostructures makes ZnO for nanoscale optoelectronics and piezoelectric
nanogenerators (Song et al. 2006). They are used powerfully to fight microorgan-
isms (Sawai et al. 1995). There are some reports (Sawai et al. 1995) considered
which reveals by a conductometric method a considerable antibacterial activity of
CaO, MgO, and ZnO, which were attributed by the generation of reactive oxygen
species on the surface of these oxides. Once ZnO destroys the cell membrane, the
ZnONps remain forcefully adsorbed on the dead bacteria surface preventing further
antibacterial action continuing to release peroxides into the medium showing high
bactericidal efficacy. From the results of another study (Stoimenov et al. 2002), it
was being observed that the smaller particle size enhances the activity due to its large
surface area-to-volume ratio. The thorough mechanism of ZnONP activity is still
under study.

12.4.4 NP for Antifungal Action

Antifungal activity of NPs is less explored compared to antibacterial activity.
Gajbhiye et al. (2009) reported efficacy of biosynthesized silver nanoparticles
against P. glomerata, P. herbarum, Trichoderma sp., F. semitectum, and
C. albicans. Moreover, they furthermore described the synergistic properties in
blend with fluconazole. Jo et al. (2009) deliberated the activity of both nanoparticles
and silver ions against two plant pathogenic fungi, Magnaporthe grisea and
Bipolaris sorokiniana. The antifungal activity of NPs in arrangement with dissimilar
heterocyclic compounds like thiazolidine, pyrazolo, phthalazine, hydrazide,
tetrazolo, and pyridazine derivatives was considered against C. albicans and Asper-
gillus flavus. Nasrollahi et al. (2011) investigated antifungal activity of chemically
synthesized AgNPs against C. albicans and S. cerevisiae explaining the potential
activity of AgNPs as compared to standard antifungal agents (viz., amphotericin B
and fluconazole). Pawan et al. (2012) augmented the potential antifungal activity of
chitosan nanoparticles against R. solani, A. flavus, and A. alternata from chickpea
seeds. In another study, Tile and Bholay (2012) reported significant activity of
AgNPs against Trichophyton rubrum, C. albicans, and A. fumigatus. In an extensive
study, Xu et al. (2013) evaluated AgNPs and natamycin against 216 strains of fungi
demonstrating higher activity compared to natamycin. One of the possible explana-
tions is destruction of membrane integrity of fungi and inhibition of normal budding
process in yeasts (Kim et al. 2009).

12.4.5 Antiviral Activity of NPs

NPs have established marvelous care for its antibacterial activities, but the antiviral
properties of metal nanoparticles continue to be an emergent area (Galdiero et al.
2011). The best known examples are West Nile virus, SARS coronavirus,
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Hantavirus, monkeypox virus, Nipah virus, Chikungunya virus, Hendra virus, and,
last but not least, the threat of pandemic influenza viruses, most recently of avian or
swine origin (Howard and Fletcher 2012). Thus, a greater is there to develop a novel
unique cure for antiviral agents, which incredulous the issue of antiviral resistance.
For instance, AgNPs are developing as one of the remedies for the administration of
viral diseases due to their possible antiviral activity that requires maintenance of
long-lasting therapeutic regimens or circulating drug concentration. Three key
aspects can be extrapolated from the studies conducted so far on the antiviral
properties of NPs: (1) NPs have validated antiviral activity against many viruses
affecting both prokaryotic (De-Gusseme et al. 2010; Narasimha 2012) and eukary-
otic organisms, making them a true broad-spectrum antiviral agent; (2) viral inhibi-
tion even relies on the size of NPs (Speshock et al. 2010); and (3) early infection
might be the general time frame where NPs exert their antiviral activity imposing the
rest of the viral replication cycle (Baram-Pinto et al. 2009; Trefry and Wooley 2013).
However, an exact mechanism of NP antiviral activity and a particular phase of
infection at which NPs exert antiviral activity have yet to be revealed.

12.5 Limitations of the Current Research

To the surprise, it should be noted here that many antibacterial mechanisms of NPs
are still uncertain. For instance, many studies point the antibacterial activity to ROS/
oxidative stress, whereas for other NPs, such as MgO NPs, the antibacterial mech-
anism may not be related with the regulation of metabolism of bacterial strains.
Therefore, the antibacterial mechanisms of NPs are substantially relevant in
addressing for future research.

The lack of cohesive standards is one limitation of the existing studies on the
antibacterial mechanisms of NPs. In particular, different bacterial strains, NP char-
acteristics, and action times were examined in different studies making it difficult to
compare antibacterial activity. Thus, no solitary method accomplishes all the situa-
tions for procurement evidence about the antibacterial mechanisms of NPs as each
type of NPs exhibits distinct antibacterial effects. A complete analysis is often
suggested to study the probable antibacterial mechanisms.

Our other limitations are the multifaceted bacterial cell membrane structure and
the deficiency of research methods for in vitro studies. Furthermore, in vitro models
cannot completely sham the in vivo situation to precisely replicate the cellular body
interactions. Therefore, it is intolerable to appraise the antibacterial action of NPs
solely through in vitro bacterial cell culture.

Regarding nanoneurotoxicity like crossing of NPs across the bacterial cell mem-
brane, many questions are still unanswered by the research community. The cell
membrane of a bacterial is both a barrier and a channel for the movement of
substances in and out. In bacterial cell membranes, especially Gram-negative strains
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have porins that allow the passage of molecules of around 600 Da molecular weight
across the bacterial cell body. Therefore, due to their size, almost the transport of
nearly all NPs will be limited. However, certain scholars have projected that porins
can facilitate the passage of NPs with thicknesses in the range of 1–9 nm through the
bacterial cell membrane. Endocytosis of microorganisms, similar to what is observed
for eukaryotic cells, may be measured as additional mechanism of NP movement.

In an era of increasing MDR, NPs are a feasible alternative to antibiotics and seem
to have great potential to resolve the difficulty in which bacteria are evolving
resistance to numerous antibiotic types, and it is becoming very hard to combat
infectious diseases and treat patients, leading to serious mortality.

12.6 Antibiotic-Tagged NPs to Overcome the Current
Research Limitations

As mentioned above, the researchers are facing great difficulty in designing an apt
NP drug for antimicrobial therapy. Hence, they developed the idea of antibiotic-
tagged NPs to reduce the MDR and its side effects. Accordingly Kumar and his
coworkers in 2016 analyzed the synergistic effects of AgNPs with eight antibiotics
against pathogenic bacteria (Fig. 12.5 and Table 12.4). In many cases, they could
analyze that the effects of antibiotics were enhanced. Synergistic interaction of
AgNPs and streptomycin showed a minute increase in the inhibition zone against
seven pathogenic bacteria in the range 0.1 to 0.9 with the exception of B. cereus
where a 6.1-fold increase was seen. When combined with kanamycin, amikacin,
tetracycline, and cefetaxime, the AgNPs showed comparable synergy (a 0.1–4.4-fold
increase). Amoxicillin depicted the highest overall synergistic activity as for
S. marcescens, while vancomycin with AgNPs revealed synergistic activity against
E. coli. A greater fold increase in case of inhibition zone was initiated against
S. epidermidis, B. subtilis, and E. coli in the existence of a blend of cefepime and
AgNPs. S. epidermidis, S. marcescens, E. coli, S. typhimurium, Klebsiella pneumo-
nia, S. marcescens, and B. subtilis were found to be subdued in combination of
AgNPs and antibiotics, which otherwise indicated a resistant pattern in the manifes-
tation of the antibiotics (vancomycin, cefetaxime, ampicillin, kanamycin, amikacin,
cefepime) alone. Thus it could be augmented that AgNPs enhance its efficacy in
company of most of the antibiotics, against many drug-resistant bacteria (Fayaz et al.
2010; Ghosh et al. 2012; Singh et al. 2013).

Moreover, this research provides helpful insight into the development of new
antibacterial agents. The combination of antibiotics and NPs will make it difficult for
pathogenic bacteria to develop resistance which otherwise renders the available
antibiotics inefficient; hence, this combination therapy can be further studied to
develop new formulation of NPs in synergy with antibiotics.

12 Nanoparticles: Antimicrobial Applications and Its Prospects 343



Fig. 12.5 Plates showing the increase in diameter of inhibition zone of antibiotics with AgNPs
against pathogenic bacteria
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12.7 Conclusion and Future Prospects

Nanoparticles have manifold applications in numerous fields of science such as
electronics, probes, disease diagnostics and treatment, remediation, imaging, and
cellular transportation. Various physicochemical methods are being used to synthe-
size Nps. But, biogenic reduction of the salts to produce NPs is inexpensive, safe,
and eco-friendly. Furthermore, NPs of desired morphology and size are also syn-
thesized in massive amounts through this process. Their reduction potential and
stability are endorsed to bioactive molecules existing in these biological resources.
Among these bio-reductants, plant extracts are more advantageous than biological
resources. Therefore, in this prospect, using plant sources for NPs synthesis can open
new horizons in the future for antibacterial action as well.

The developing microbial resistance can be ruled out, by many means of many
nanomaterials. However, several preclinical and clinical trials are on research levels
for better considerations to visualize the restrictions as well as the potential of many
nanoparticles to elucidate the antimicrobial mechanisms of these metallo-
nanoparticles. Table 12.5 summarizes the potential applications for some
nanoparticles that have received some attention in research. Unlike antibiotics that
may have only one mechanism of action, nanomaterials can be related to multiple
cell processes owing to its potential application in the fight against multidrug-
resistant microorganisms. Once explored, it will revolutionize the microbiology
world both on laboratory and commercial scale.

Representation of the studied and possible effects of ceria and conventional
nanoparticles on a bacterial lipid bilayer and cytoplasm is as follows: (1) damage
of the cell wall and peptidoglycan layer caused by direct contact with nanoparticles;
(2) release of toxic ions; (3) damage of proton efflux bombs with serious problems
on pH regulation and modification of membrane charges; (4) generation of reactive
oxygen species (ROS) that can damage biological systems (degrading the cell wall);
(5) reactive oxygen species (ROS) degrading DNA, RNA, and proteins that can also
interfere in protein synthesis; and (6) low adenosintriphosphat (ATP) production due

Table 12.5 Some nanoparticles with their possible antimicrobial mechanism and current or future
applications in health sciences

Nanomaterial
Antimicrobial
mechanism Applications

Silver (Ag) 1, 2, 3, 4, 5, 6 Potable water filters, clothing, medical devices, coatings for
washing, refrigerators, food containers

ZnO 2, 4, 5 Antibacterial creams, lotions and ointment, deodorant, self-
cleaning glass and ceramics

Cu/CuO 4, 5 Medical devices

TiO2 1,4, 5 Air purifiers, water treatment systems for organic contaminant
degradation, biofouling-resistant surfaces

Al2O3 5 Coating surfaces

CeO2 5 Modify the material to exert antioxidant effects through
altered electronic states
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to acidification (mechanism 3) and reactive oxygen species (ROS) presence (mech-
anisms 4 and 5) (Courtesy to: Formatex 2013: 143–154).
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Abstract Corrosion is constant and continuous deterioration of metal by chemical
attack or reaction with its environment. Prevention is more practical and achievable
than complete elimination. Protective coatings perform important functions based on
the types of coatings/fillers. This review presents an overview of different types of
diglycidyl/tetraglycidyl epoxy-containing organic–inorganic hybrid nanocoatings,
based on their function, the substances used in coating formulations, and the
nanoparticles/nanofillers used for the protection of mild steel surfaces from corrosion
and microbial growth, viz., eco-friendly epoxy coatings, epoxy–inorganic com-
pound coatings, epoxy–organic compound coatings, and organic–inorganic hybrid
coatings.

Keywords Diglyciyl epoxy · Tetraglycidyl epoxy · Surface modification · Eco-
friendly epoxy coating · Inorganic coating · Organic coating · Organic–inorganic
hybrid coating · Salt spray · Corrosion conformance · Antimicrobial protection

13.1 Introduction

Epoxy resins are oxirane-containing oligomers, which cure through the reaction of
epoxide groups with a suitable curing agent. The first production of epoxy resin
occurred simultaneously in Europe and in the USA in the early 1940s. Today, a wide
variety of epoxy resins of varying consistency are available. Epoxy resins are unique
among all thermoset resins because of several factors: minimum pressure is needed
for fabrication of products normally used for thermosetting resins; the degree of cure
shrinkage is much lower and hence there is lower residual stress in the cured product
than that encountered when vinyl polymerization is used to cure unsaturated poly-
ester resins; use of a wide range of temperatures by judicious selection of curing
agents enables good control over the degree of cross-linking; and the availability of
the resins ranges from low-viscosity liquids to tack-free solids. Because of these
unique characteristics and useful properties of network polymers, epoxy resins are
widely used in structural adhesives, surface coatings, engineering composites, and
electrical laminates. The chemical structures of difunctional and multifunctional
epoxies are shown in Fig. 13.1.

13.2 Corrosion

One very broad definition of corrosion is that it is a natural process of deterioration of
metals and alloys in a corrosive environment, which affects those properties of the
metal that are intended to be preserved. Corrosion occurs in a wide variety of forms,
both in pure metals and in alloys.

Well-known examples of metallic corrosion are rusting of iron and steel, black-
ening of silver articles, dulling of brass, and fogging of nickel.
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13.2.1 Causes of Corrosion

Corrosion can be caused by:

• Reactivity of metal
• Presence of impurities
• Presence of air, moisture, and gases such as SO2 and CO2

• Presence of electrolytes

13.2.2 Importance of Corrosion Research

It has become imperative to give more attention to corrosion, for the following
reasons:

• The use of metals is increasing in technological fields.
• The vast development of chemical technology and rapid population growth are

leading to increases in pollution of air and water, resulting in a more corrosive
environment.

Fig. 13.1 Chemical structures of difunctional and multifunctional epoxies. DGEBA diglycidyl
ether of bisphenol A, TGAP triglycidyl-p-aminophenol, TGDDM N,N0-tetraglycidyl
diaminodiphenylmethane
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13.3 Surface Preparation

Mild steel (MS) samples (of composition C 0.04%, Si 0.01%, Mn 0.17%, P 0.002%,
S 0.005%, Cr 0.04%, Mo 0.03%, Ni 1.31%, Fe balance) were used for our study. The
samples were degreased with acetone to remove impurities from the substrate. The
samples were then subjected to sandblasting at a pressure of 100 pounds per square
inch (psi) through a nozzle to get into the appropriate crevices. The particle size of
the sand was 80 meshes. The distance between the substrate and the blaster was
maintained at 2 feet, as illustrated in Fig. 13.2. The samples were kept in desiccators
for conditioning (Ananda Kumar and Sasikumar 2010; Saravanan et al. 2016).

13.4 Salt Spray Testing

Salt spray corrosion testing was performed using epoxy-coated steel panel samples
in a size of 70 mm� 50 mm� 1 mmwith and without diagonal scribes on the coated
panels, according to the American Society for Testing and Materials (ASTM) B 117
standard. The diagonal scribes on the coated samples were made with the help of a
sharp knife for continuous exposure of the base metal in a salt-fog chamber
containing a 3.5% NaCl solution used for a salt spray maintained at pH 6.9 and air

Fig. 13.2 Process used for preparing hybrid coatings (Reproduced from Saravanan et al. 2016,
with permission)
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pressure of 15 psi. The temperature of the salt spray chamber was kept between
33.8 �C and 35.1 �C, with a day-and-night test time of 1200 h (Fig. 13.3).

Before loading of the test samples and after completion of testing:

(a) The samples were cleaned gently prior to loading.
(b) The samples were then washed gently twice with distilled water to remove

unwanted salt deposits from their steel panel surfaces and dried for 1 h.

The test sample panels were then carefully assessed for detection of any rust spots
on their steel panel surfaces, and photos were taken using an Olympus 4XWIDE
digital camera. The timing of formation of brown rust and blisters was noted (Berndt
and Berndt 2003; Ananda Kumar et al. 2006).

13.5 Scope of the Recent Literature

The need for antibacterial properties for marine coating applications has triggered an
increase in antimicrobial epoxy coating research in recent years, which is distinctly
seen from the increase in the antimicrobial epoxy coatings literature published
between the years 2007 and 2018, as presented in Fig. 13.4. Table 13.1 summarizes
the recent literature on such coatings.

13.6 Eco-Friendly Epoxy Coatings

There is a growing need to develop eco-friendly processes for corrosion control that
does not include any toxic chemical substances. Nanoparticles are prepared by
heterogeneous chemical and physical methods, but in general these methods are
not environmentally friendly for marine applications, petroleum production and

Fig. 13.3 Salt spray test chamber. (Courtesy of http://www.climatictestchambers.com)
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Fig. 13.4 Number of papers on antibacterial epoxy coatings published per year between 2007 and
2018, extracted from the Scopus database (https://www.scopus.com)

Table 13.1 Recent literature on antimicrobial epoxy coatings

Polymer formulation Application Reference

DGEBA/F-AgNPs-epoxy Antibacterial coating Manjumeena et al. (2016)

DGEBA/TiO2 Antifouling coating Saravanan et al. (2016)

DGEBA/BA/SB Antifouling coating Saravanan et al. (2016)

Chitosan/epoxy Antimicrobial coating Fattah et al. (2016)

Epoxy/Cu2O Antimicrobial coating Ashraf et al. (2016)

Epoxy/glycidyl carbamate Antifouling coating Duraibabu et al. (2015)

DGEBA/ECSO/TETA Antimicrobial coating Narute et al. 2015

Nano-ZnO/TGBAPB epoxy Antimicrobial coating Duraibabu et al. (2014)

HBP-based polyurethanes Antimicrobial coating Kumar et al. (2014)

BADGE/DETA Antibacterial coating Mondrzyk et al. (2014)

Epoxy/polyamide/nano-ZnO Anticorrosion coating Ramezanzadeh et al. (2011)

Metal-containing poly(Schiff) epoxy Antimicrobial coating Tansir and Saad Alshehri (2012)

DGEBA/HELA Antibacterial coating Sharmin et al. (2010)

EpAcO/BMF Antimicrobial coating Zafar et al. (2009a, b)

BA benzoic acid, BADGE bisphenol A diglycidyl ether, BMF butylated melamine formaldehyde,
DETA diethylenetriamine, DGEBA diglycidyl ether of bisphenol A, ECSO epoxidized cottonseed
oil, EpAcO epoxy-acrylic-oleic acid, F-AgNPs surface-functionalized silver nanoparticles,
HBP hyperbranched polymer, HELA linseed amide diol, SB sodium benzoate,
TETA triethylenetetramine, TGBAPB tetraglycidyl 1,40-bis(4-amine-phenoxy)benzene
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refining, pipelines, mining, etc. (Yu 2007; Mallick et al. 2005; Liu et al. 2004;
Smetuna et al. 2005). To overcome the above disadvantages, there is a need for
modifications. Nowadays, green chemistry is of interest and has attracted the
attention of academia and industry. Green chemistry using plant (leaf, root, etc.)
extracts for synthesis of eco-friendly nanoparticles includes reinforcement with
polymers to enhance physical, chemical, electronic, electrical, mechanical, mag-
netic, thermal, dielectric, optical, and especially biological properties in comparison
with the bulk-sized forms of materials (Schmid 1992; Daniel and Astruc 2004).

13.6.1 Green Nanosilver Epoxy Coatings

Manjumeena et al. (2016) described reinforcement with 1, 3, and 5 wt% of surface-
functionalized silver nanoparticles (F-AgNPs), synthesized using Couroupita
guianensis leaf extract, in epoxy resin GY250 representing diglycidyl ether of
bisphenol A (DGEBA), with a view toward augmenting the corrosion control
property of the epoxy resin and also imparting antimicrobial activity to epoxy
coatings on MS. The green-synthesized AgNPs were surface functionalized using
3-aminopropyltri-ethoxysilane to achieve better adhesion and dispersion of the
AgNPs in the DGEBA epoxy matrix (Fig. 13.5).

The authors evaluated the corrosion resistance of the coatings by electrochemical
impedance spectroscopy (EIS), potentiodynamic polarization (PDP) studies, and
cross-scratch testing. Atomic force microscopy (AFM), scanning electron micros-
copy (SEM), high-resolution transmission electron microscopy (HRTEM), and
energy dispersive x-ray spectroscopy (EDX) were utilized to investigate the surface
topography, morphology, and elemental composition of the coatings on MS sam-
ples. The SEM micrographs of the MS samples coated with systems (a) [coating
without F-AgNPs], (b) [coating with 1 wt% F-AgNPs], (c) [coating with 3 wt%
F-AgNPs], and (d) [coating with 5 wt% F-AgNPs] prior to the corrosion studies
(Fig. 13.6a–d) showed that the surface of the system (a) coated sample was uniform
and smooth with no observable cracks.

As the F-AgNP loading into the DGEBA matrix increased to 3 wt% and 5 wt%,
the smooth patterns completely disappeared and the surfaces became very rough.
This could be attributed to the inevitable occurrence of aggregates. The initial results
showed that the corrosion resistance, hardness, and glass transition temperature (Tg)
of the DGEBA/F-AgNP coatings were increased at 1 wt% F-AgNPs. One of the

Fig. 13.5 Amine functionalization of silver nanoparticles (AgNPs) (Reproduced with permission
from Manjumeena et al. 2016)
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reasons could be that the nanoparticles have a large surface area, strong hydrogen
bonding through OH groups, and high surface free energy, and thus they tend to be
aggregated at higher loading. The polarization response of MS samples coated with
systems (a), (b), (c), and (d) studied at 0 days and after 50 days of immersion in a
3.5% NaCl solution (Fig. 13.7a) showed that the polarization responses of coating
systems (b) and (c) after 50 days of immersion in NaCl were toward the anodic side,
indicating their superior corrosion resistance, whereas the responses of coating
systems (a) and (d) were toward the cathodic side.

It is worth noting that the decrease in the corrosion resistance of system (d) was
considerably smaller than that of system (a) after 50 days of immersion. This
indicated that the corrosive electrolyte could not easily permeate into the coating/
metal interface when the coating included F-AgNPs. The lower corrosion resistance
of system (d) was attributed to the decrease in cross-linking density between the F-
AgNP-epoxy matrix and the tendency of the nanoparticles to form aggregates at high
weight percentage loadings (Ramezanzadeh et al. 2011) Also, upon more detailed

Fig. 13.6 Scanning electron microscopy (SEM) images showing the surface morphology of mild
steel coated with four different systems before corrosion studies involving 50 days of immersion in
a 3.5% NaCl solution (Manjumeena et al. 2016): neat DGEBA (a), 1 wt% F-AgNPs/DGEBA (b),
3 wt% F-AgNPs/DGEBA (c), and 5 wt% F-AgNPs/DGEBA (d). DGEBA diglycidyl ether of
bisphenol A, F-AgNPs surface-functionalized silver nanoparticles
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comparison of the Nyquist plots and resistance values for the MS samples coated
with systems (a), (b), (c), and (d) at 0 days and after 50 days of immersion in the
3.5% NaCl solution (Fig. 13.7b), it could be observed that the MS sample coated
with system (b) exhibited a greater semicircle and relatively higher resistance, even
after 50 days of immersion, than the other coating systems (a), (c), and (d). On this
basis, the greater semicircle for coating system (b) in the Nyquist plot indicated
better corrosion resistance, which may have been explained by the presence of
F-AgNPs at a low loading of 1 wt%.

The authors also performed cross-scratch testing and concluded that by the end of
1200 h, no visible corrosion products were seen on the unscratched surface of the
coated samples. Corrosion products were seen mainly on the scratched area of the
coated samples. Furthermore, the spread of corrosion underneath the coating film
was lesser in the system (b) sample than in the system (a), system (c), and sys-
tem (d) coated samples (Fig. 13.8).

Of all systems studied, system (b) exhibited the maximum corrosion resistance and
microbial resistance. The antimicrobial behavior of this epoxy–green nanohybrid coat-
ing formulation is noteworthy, as it offers manifold antimicrobial protection to steel
surfaces by inhibiting the growth of biofilm-forming bacteria such as Pseudomonas
aeruginosa, Bacillus subtilis, Escherichia coli (the most common human pathogen), and
Candida albicans (the most virulent human pathogenic yeast) (Fig. 13.9).

This dual behavior of corrosion resistance and microbial resistance exhibited by
surface-functionalized green nanosilver DGEBA coatings offers environmentally
benign solutions by enhancing the corrosion control property of conventional epoxy
coatings that are currently in use and imparting antimicrobial activity, leading to
better performance and longevity of steel surfaces. A multifunctional feature of these
nanocomposite coatings makes them potentially applicable in various areas in high-
added-value applications such as smart coatings for corrosion protection and anti-
fouling protection.

Fig. 13.7 Polarization plot (a) and electrochemical impedance spectroscopy Nyquist plot (b) of
mild steel samples coated with four different coating systems (Manjumeena et al. 2016)
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13.6.2 Natural Renewable Resource (Chitosan) Epoxy
Coatings

Fattah et al. (2016) developed an eco-friendly chitosan/epoxy coating by extracting
chitosan (from shrimp shells) (Fig. 13.10) and mixing various weight percentages
(between 2 wt% and 20 wt%) of it into epoxy resin, which was then cured with a
hardener to form a chitosan/epoxy composite coating.

Chitosan–epoxy composite coatings containing different weight percentages of
chitosan were applied to steel panels, which were then exposed to salt spray fog for
500 h (Fig. 13.11).

In Fig. 13.11, different amounts of brown rust spotting can be observed on the
steel panels treated with epoxy coating and chitosan–epoxy composite coating. It
was found that failure of adhesion of the chitosan–epoxy composite coating during
the long exposure to salt spray fog caused an improvement in corrosion resistance in
comparison with the neat epoxy coating (Fig. 13.11). This could be attributed to the

Fig. 13.8 Coated and cross-scratched mild steel samples after 600 h (samples a, c, e, g) and after
1200 h (samples b, d, f, h): samples with neat DGEBA coating (a, b); samples with 1 wt% F-AgNP/
DGEBA coating (c, d); samples with 3 wt% F-AgNP/DGEBA coating (e, f); and samples with 5 wt
% F-AgNP/DGEBA coating (g, h) (Manjumeena et al. 2016). DGEBA diglycidyl ether of
bisphenol A, F-AgNP surface-functionalized silver nanoparticle
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chitosan, which was effective in reducing rusting during exposure to high humidity
and high salt content. Moreover, the nitrogen and oxygen atoms in the structure of
chitosan were both strongly adsorbed onto the metal surface and acted to block
active corrosion sites.

Fig. 13.9 Antimicrobial activity of mild steel samples with epoxy-only coating (samples a, c, e, g)
and samples with 1 wt% F-AgNP/DGEBA coating (samples b, d, f, h): activity against Pseudo-
monas aeruginosa (a, b); activity against Bacillus subtilis (c, d); activity against Escherichia coli
(e, f); and activity against Candida albicans (g, h) (Manjumeena et al. 2016). DGEBA diglycidyl
ether of bisphenol A, F-AgNP surface-functionalized silver nanoparticle

Fig. 13.10 Schematic structures of cellulose, chitin, and chitosan
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The antimicrobial activity of the chitosan–epoxy coatings was analyzed by a
solution concentration method. The results indicated that antibacterial activity
increased as the content of chitosan increased (Fig. 13.12), which could have
occurred because the positively charged chitosan attracted negatively charged bac-
teria on the surface, leading to emended membrane permeability. This would
enhance leakage of intracellular constituents, causing bacterial cell death (Kong
et al. 2010; Liu et al. 2004).

The authors evaluated the antimicrobial (Gram-positive and -negative) and anti-
fungal activity of the chitosan/epoxy composite coatings and concluded that the
addition of chitosan to the epoxy led to improvements in antimicrobial and antifun-
gal activities.

13.6.3 Unique Nano-ZnO Epoxy Coatings

Duraibabu et al. (2014) successfully developed a unique skeletally modified
tetrafunctional epoxy coating for corrosion prevention and antimicrobial protection,

Fig. 13.11 Mild steel samples with epoxy coating (upper left panel) and chitosan�epoxy com-
posite coatings containing 2 wt% chitosan (upper middle panel), 5 wt% chitosan (upper right
panel), 10 wt% chitosan (lower left panel), 15 wt% chitosan (lower middle panel), and 20 wt%
chitosan (lower right panel) after 500 h of salt spray exposure (Fattah et al. 2016)
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using tetraglycidyl 1,40-bis(4-amine-phenoxy)benzene (TGBAPB) epoxy resin and
surface-functionalized nano-ZnO (F-ZnO) and nonfunctionalized nano-ZnO
(N-ZnO) (Fig. 13.13a). They introduced a reactive NH2 group onto the surface of
the nano-ZnO and achieved a reaction between 3-aminopropyltriethoxysilane and
the hydroxyl groups on the nano-ZnO surface. This led to formation of a covalent
bond between the F-ZnO and the TGBAPB epoxy resin. It was observed that the
Nyquist plots derived from the EIS measurements showed two prominent capacitive
loops in the high-frequency region, which were attributed to the high resistance and
low capacitance offered by the steel–electrolyte interface of the TGBAPB-F-ZnO
and neat TGBAPB coatings. As shown in Fig. 13.13b,the TGBAPB-N-ZnO coating
exhibited the least resistance to corrosion in comparison with the TGBAPB-F-ZnO
and neat TGBAPB coatings.

The authors confirmed that the formation of a low-frequency diffusion tail in the
TGBAPB-N-ZnO coating system in the corrosion process was a diffusion-controlled
reaction. They concluded that the order of corrosion resistance was TGBAPB-F-
ZnO > TGBAPB > TGBAPB-N-ZnO, and that the reason for the inferior corrosion
resistance offered by TGBAPB-N-ZnO coating was the improper dispersion of
N-ZnO within the TGBAPB epoxy resin, which would have led to an agglomeration,
leading to the entry of corrosive species through the metal coating interface.

The authors undertook an investigation to study and compare the antibacterial
activity of TGBAPB-F-ZnO and TGBABP-N-ZnO coatings. The results showed that
the sample containing TGBAPB-F-ZnO had a greater zone of inhibition than the control

Fig. 13.12 Effects of different loading percentages of chitosan on six tested microorganisms:
Escherichia coli, Pseudomonas aeruginosa, Bacillus subtilis, Staphylococcus aureus, Aspergillus
fumigatus, and Geotrichum candidum (Fattah et al. 2016)
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MS sample, TGBAPB-N-ZnO sample, and TGBAPB sample, in which there were no
zones of inhibition (Fig. 13.14a–c), indicating their inferior bacterial resistance.

The authors concluded that the surface TGBAPB-F-ZnO coated sample exhibited
more effective antibacterial activity against the test bacterium (E. coli) than the other
two samples coated with TGBAPB-N-ZnO and TGBAPB. They also explained that
the antibacterial activity of TGBAPB-F-ZnO could be attributed to the abrasive
surface texture due to surface defects. The antibacterial activity of TGBAPB-F-ZnO
could be attributed to the better dispersibility and consequent compatibility with the
TGBAPB matrix exhibited by F-ZnO.

13.7 Epoxy–Inorganic Compound Coatings

One of the most common methods for improving coating performance can be
reduction of the size of the filler and submicron particles to the nanoscale (Allen
et al. 2004; Delucchi et al. 2011). With use of nanoparticles (NPs) it has been
possible to overcome drawbacks and also incorporate submicron particles with inher-
ent small size and particle morphology (Fernando 2004). The addition of inorganic
nanoparticles to an epoxy matrix enhances thermal, mechanical, electrical, corrosion
resistance, and antibacterial properties without impairing other properties. Further-
more, the enhancement particularly depends upon the type of material, the size, the
shape, and the degrees of dispersion and adhesion to the polymer matrix (Al-Turaif
2010; Omrani et al. 2009). Inorganic nanocomposites possessing greater extent of
coating field might be due to their unique physical and chemical properties.

Fig. 13.13 Flowchart of the preparation of TGBAPB-F-ZnO epoxy coatings (a) and electrochem-
ical impedance spectroscopy Nyquist plot of neat TGBAPB, TGBAPB-N-ZnO, and TGBAPB-F-
ZnO coated systems (b) (Duraibabu et al. 2014). 3-APTES 3-aminopropyltri-ethoxysilane,
BAPB 4,40-bis(4-aminophenoxy)biphenyl, BNPB 1,40-bis(4-nitrophenoxy)benzene, EPC epichloro-
hydrin, F-ZnO surface-functionalized nano-ZnO, N-ZnO nonfunctionalized nano-ZnO, Pd/C 10%
palladium on activated carbon, TGBAPB tetraglycidyl 1,40-bis(4-amine-phenoxy)benzene
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13.7.1 Cuprous Oxide Epoxy Nanocomposite

Ashraf et al. (2016) synthesized cuprous oxide nanoparticles by the liquid phase
chemical method and added different weight percentages (0.1, 0.3, 0.5, 0.7, and
1.0 wt%) to epoxy to produce Cu2O epoxy nanocomposite coating films. The
antimicrobial and antifungal properties of these films were analyzed by means of a
disk diffusion method. The zones of inhibition of Staphylococcus aureus and E. coli
showed that they had greater sensitivity to the coated disks. Klebsiella pneumonia
displayed less sensitivity among the tested bacteria. The best performance was
observed with the coating film containing 0.3 wt% of cuprous oxide nanoparticles.
It can be concluded that the percentage of biocidal/bacteriostatic activity was closely
related to the oxidation state of the Cu2O nanoparticles. Transmission electron
microscopy (TEM) images of Cu2O-nanoparticle-treated and control (untreated)
S. aureus bacteria cells showed dark spots inside the cell wall within the cytoplasm of
the treated cells, which could possibly be passed into the cells; the pretreatment
process allowed exposure of S. aureus to the oxygen in the Cu2O nanoparticles
found in the cytoplasm membrane. Even so, the mechanism of the bactericidal action
of Cu2O nanoparticles ion is not fully understood, and it is unclear whether Cu2O
nanoparticles binding to DNA or specific proteins may directly prevent cell

Fig. 13.14 Antibacterial testing against Escherichia coli bacteria: control mild steel (a), neat
TGBAPB (b), TGBAPB-N-ZnO (c), and TGBAPB-F-ZnO (d) (Duraibabu et al. 2014). F-ZnO sur-
face-functionalized nano-ZnO, N-ZnO nonfunctionalized nano-ZnO, TGBAPB tetraglycidyl
1,40-bis(4-amine-phenoxy)benzene
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replication or hinder enzymatic function. Although the authors were not able to
evaluate the mechanism of action of the Cu2O epoxy nanocomposite coating film on
the bacteria, this work showed that coatings containing Cu2O epoxy nanocomposites
do have an effect on Gram-negative and Gram-positive bacteria.

13.7.2 Metal-Containing Epoxy Coatings

Tansir and Saad Alshehri (2012) developed metal-containing epoxy resin via poly-
condensation of Schiff base metal complexes with epichlorohydrin (Fig. 13.15).

The polarization corrosion current (Icorr) curves of the metal-chelated epoxy resin
(Er) coatings Er–Mn(II), Er–Co(II), Er–Ni(II), Er–Cu(II), and Er–Zn(II) in HCl
(3.5%), NaOH (3.5%), and NaCl (3.5%) solutions are shown in Fig. 13.16.

In Fig. 13.16 It can be observed that the polarization Icorr curves showed higher
values in the HCl solution than in the NaOH and NaCl solutions. The Zn(II)-chelated
epoxy coating system showed Icorr values of 0.482 μA/cm2 in the NaCl solution,
0.520 μA/cm2 in the NaOH solution, and 1.02 μA/cm2 in the HCl solution. This
could be because the corrosion resistance property of Er–Zn(II) was much higher
than those of the other systems, namely Er–Co(II), Er–Ni(II), and Er–Cu(II). The
antimicrobial activity of the systems was evaluated using minimum bactericidal
concentration methods against S. aureus, B. subtilis, E. coli, and P. aeruginosa. It
was found that Er–Cu(II) exhibited greater antimicrobial activity than Er–Co(II) and
Er–Ni(II).

The authors concluded from the experimental data that as these coating materials
showed better corrosion resistance and antimicrobial activities, they could be used in
aerospace vehicles and antimicrobial coating materials for hospitals. In this study the
effects of different metal nanoparticles were studied, but the authors could not
explain the specific characteristics and mechanisms of action of the different metal
nanoparticles, such as their corrosion resistance and antimicrobial properties, and
their sizes and dispersion ratios in each type of filler. These characteristics would
influence the amount of inorganic material loaded into the polymer and the optimi-
zation of the nanofiller and aggregation behavior, which would play important roles
in determining the performance of the final composite materials.

13.8 Epoxy–Organic Compound Coatings

In general, epoxy resin cannot behave well in humid conditions, because its
hydrophilicity and consequently high water uptake restrict its use for corrosion
prevention and antimicrobial protection. Prevention of water uptake by epoxy
coatings can be achieved by (1) chemically modifying the backbone with flexible
spacers, (2) increasing the molecular weight of the epoxy backbone moiety,
(3) decreasing the cross-linking density of the epoxy matrix, and
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(4) homogenizing the toughener phase in the epoxy, which has been done with
polystyrene, polymethyl-methacrylate, polyether ether ketone, polyether sulfone,
polyetherimide, polyurethane (PU) liquid rubber, siloxane-based polymers,
hydroxyl-terminated polybutadiene, hydroxyl-functionalized hyperbranched

Fig. 13.15 General synthetic route for metal-containing epoxy resins (Tansir and Saad Alshehri
2012)

Fig. 13.16 Potentiodynamic polarization curves of chelated epoxy resin (Er) in a 3.5% HCl
solution (a), a 3.5% NaOH solution (b), and a 3.5% NaCl solution (c) (Tansir and Saad Alshehri
2012)
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polymer, polyesters, and liquid elastomers either by chemical reactions or by
blending with the epoxy resin (Raghavachar et al. 1999; Sharmin et al. 2010;
Ratna 2001; Jin and Park 2008).

13.8.1 ECSO Epoxy Coatings

Narute et al. (2015) synthesized epoxidized cottonseed oil (ECSO), using Prilezhaev
epoxidation by sulfuric acid catalysts (Fig. 13.17a), and produced a modified epoxy
(ME) resin with commercially available DGEBA and ECSO cured at room temper-
ature using a hardener.

With the addition of different content (Epoxy Resin-10, Epoxy Resin-64,
Epoxy Resin-55, and Epoxy Resin-46), system Epoxy Resin-10 showed more
uniform corrosion than systems Epoxy Resin-64, Epoxy Resin-55, and
Epoxy Resin-46, which showed filiform corrosion, as depicted in Fig. 13.17b.
After 30 days of salt spray exposure, an analysis showed that systems
Epoxy Resin-55 and Epoxy Resin-46 were more affected by corrosion than systems
Epoxy Resin-10 and Epoxy Resin-64. No signs of blistering, loss of gloss, delam-
ination, or failure were observed in the films. Among the different systems, the best
performance was observed with 40% ECSO (epoxidized cottonseed oil) content,
which showed superior corrosion resistance. The antimicrobial properties of systems
Epoxy Resin-10, Epoxy Resin-64, Epoxy Resin-55, and Epoxy Resin-46 were
excellent, as shown in Fig. 13.18.

As shown in Fig. 13.18, Epoxy Resin-10 displayed inhibition of fungal/bacteria
growth on the film surface. This could have been due to the occurrence of nitrogen
atoms in triethylenetetramine (TETA) and quaternary ammonium cations (QACs) in
the polymer matrix. In other words, QAC formation could be due to hydrogen
bonding between nitrogen lone pairs (TETA) and formation of free hydroxyl
(OH) groups. The active OH groups could cause ring opening in the epoxy group
(ECSO and DGEBA) resulting in increasing the chain length and molecular
weight which would increase antimicrobial activity (Ikeda et al. 1984; Kumar
et al. 2014; Mondrzyk et al. 2014).

In this study the investigations of different amounts of ECSO content showed that
the lower weight of 40% ECSO content achieved better performance in terms of
anticorrosion properties than higher loadings of ECSO. The authors concluded that
40% ECSO content exhibited better corrosion resistance potential in moist environ-
ments and low water vapor transmission, which could make this an inexpensive,
renewable, and eco-friendly product.
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13.8.2 Glycidyl Carbamate Epoxy Coatings

Duraibabu et al. (2015) developed and characterized ME and glycidyl carbamate
(GC) coatings applied to MS samples to assess the corrosion resistance of these
coatings in comparison with a commercially available paint (CAP) by use of PDP
and EIS studies. From the polarization responses of coating systems combining
hexamethylene diisocyanate (HDI) with GC (HDI-GC), methylene diisocyanate

Fig. 13.17 Synthesis of modified epoxy resin with commercially available diglycidyl ether of
bisphenol A (DGEBA) and epoxidized cottonseed oil (ECSO), made using Prilezhaev epoxidation
by sulfuric acid catalysts (a); and salt spray analysis showing corrosion of panels coated with
unmodified and modified epoxy resins (ERs) with different content (b) (Narute et al. 2015)

Fig. 13.18 Embedded unmodified and modified epoxy films showing antimicrobial activity against
the Gram-positive bacteria Bacillus subtilis, Staphylococcus aureus, and Staphylococcus
epidermidis; the Gram-negative bacteria Pseudomonas aeruginosa and Escherichia coli; the
fungi Aspergillus flavus and Aspergillus niger; and the yeasts Candida albicans and Saccharomyces
cerevisiae (Narute et al. 2015)
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(MDI) with ME (MDI-ME), HDI-ME, MDI-GC, and CAP—which were studied after
30 min and 30 days of immersion in a 3.5% sodium chloride solution (Fig. 13.19a,
b)—the authors made an interesting observation that the ME and GC coatings
significantly influenced the corrosion protection behavior. MDI-ME and MDI-GC
initially showed a polarization response toward the anodic side and appeared to offer
greater corrosion resistance than the other coatings in this study. This may have been
due to the presence of aromatic groups in both the DGEBA in MDI-ME and the MDI
in MDI-GC, which might have offered chemical resistance to the transit of corrosive
species to the metal surface by forming a passive layer (Ananda Kumar and Sankara
Narayanan 2002). However, after 30 days of immersion the corrosion resistance
offered by these coatings was found to be entirely different. The polarization responses
of MDI-ME and HDI-ME (both DGEBA-based coatings) alone were toward the
anodic side, indicating superior corrosion resistance, while the other coatings—
namely MDI-GC, CAP, and HDI-GC—showed a cathodic response, exhibiting infe-
rior corrosion resistance. The excellent resistance offered by MDI-ME and HDI-ME
may also have been explained by the presence of Aradur 140 (polyamidoimidazoline)
curative along with DGEBA, which was able to adhere to the metal surface through
the π-electrons of the aromatic ring and lone pairs of electrons of nitrogen and sulfur
atoms (He et al. 2002). The polarization of the responses of the MDI-GC, CAP, and
HDI-GC samples toward the cathodic side may have been explained by the absence of
DGEBA, resulting in inferior corrosion resistance. Although polyamidoimidazoline
was used as a curing agent for all coating systems (namely HDI-GC, MDI-ME,
HDI-ME, and MDI-GC), its effect on corrosion resistance was more apparent with
MDI-ME and HDI-ME, which could be attributed to the presence of aromatic rings in
MDI-ME and HDI-ME (both are modified DGEBA coatings) and lone pairs of
electrons of polyamidoimidazoline together offering a synergistic effect that contrib-
uted to enhanced corrosion resistance. Another interesting thing to note is that
MDI-GC performed much better than HDI-GC with regard to corrosion resistance,

Fig. 13.19 Polarization responses of coating systems HDI-GC, MDI-ME, HDI-ME, MDI-GC, and
CAP after 30 min (a) and 30 days (b) of immersion in a 3.5% sodium chloride solution (Duraibabu
et al. 2015). CAP commercially available paint, GC glycidyl carbamate, HDI hexamethylene
diisocyanate, MDI methylene diisocyanate, ME modified epoxy, SCE saturated calomel electrode
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indicating the role of the aromatic rings present in MDI in corrosion resistance. The
order of corrosion resistance of the different coatings was MDI-ME > HDI-ME >
MDI-GC > HDI-GC > CAP. The inferior corrosion resistance observed with HDI-GC
and HDI-ME (Fig. 13.19b) was explained by the authors as being due to the absence of
additional aromatic rings in these coatings. The CAP coating showed the least
corrosion resistance among all coatings studied.

From the Nyquist and Bode plots for the coating systems HDI-GC, MDI-ME,
HDI-ME, MDI-GC, and CAP (Fig. 13.20a–b) after 30 min of immersion in NaCl,
the authors observed that all of the coating systems were in the range of
109–106 Ω ∙ cm2, exhibiting the superiority of their corrosion resistance to that of
the conventional and commercially available coating. MDI-ME and HDI-ME alone
had greater semicircles than those of the other coatings, indicating their excellent
corrosion resistance. These findings further supported the results obtained from the
Bode plots and PDP study. The phase angle plots of HDI-GC, MDI-ME, HDI-ME,
MDI-GC, and CAP (Fig. 13.21a–b) showed that the phase angle values of all coating
systems after 30 min of immersion in the electrolyte solution were in the range of
92–12�, indicating capacitive behavior. However, the authors observed that the
phase angles for the same coating systems became completely resistive (90–18�)
after 30 days of exposure to the electrolyte.

The authors also evaluated the corrosion resistance of the coatings by salt spray
testing (Fig. 13.22). At the end of the testing, they observed no visible corrosion
products on the surface of the unscratched areas of the coated samples. However,
corrosion products were seen on the scratched areas of all coated samples. Further-
more, there was less spreading of the corrosion underneath the coating film on the
MDI-ME and HDI-ME samples than on the HDI-GC, MDI-GC, and CAP samples.
After removal of the coatings, it was also evident that the MDI-ME and HDI-ME
samples looked much brighter than the HDI-GC, MDI-GC, and CAP samples,

Fig. 13.20 Nyquist plot (a) and Bode plot (b) of coating systems HDI-GC, MDI-ME, HDI-ME,
MDI-GC, and CAP after 30 min and 30 days of immersion in a 3.5% sodium chloride solution
(Duraibabu et al. 2015). CAP commercially available paint, GC glycidyl carbamate, HDI
hexamethylene diisocyanate, MDI methylene diisocyanate, ME modified epoxy
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indicating their superior corrosion resistance to salt water. The authors noted that the
order of corrosion resistance was MDI-ME > HDI-ME >MDI-GC > HDI-GC > CAP.

13.8.3 EpAcO-BMF IPN Coatings

Zafar et al. (2009a, b) prepared a waterborne interpenetrating polymer network (IPN)
using epoxy acrylate (EpAc) with oleic acid (epoxy-acrylic-oleic acid (EpAcO)) and
butylated melamine formaldehyde (BMF). The corrosion resistance of different
systems—EpAcO-BMF-40, EpAcO-BMF-50, and EpAcO-BMF-60—was analyzed
by means of (1) distilled water (free from ions), (2) a sodium chloride 3.5% w/v
aq. solution, (3) a hydrochloric acid 4% w/v aq. solution, and (4) a sodium hydroxide
5% w/v aq. solution. The chemical resistance test showed better performance of
EpAcO-BMF-50 and EpAcO-BMF-60 in all corrosive media, especially in an
alkaline environment. In water, EpAcO-BMF-40, EpAcO-BMF-50, and EpAcO-
BMF-60 showed good resistance and remained unaffected for 400 h, but a slight loss
in gloss was observed for EpAcO-BMF-60 when immersed in a 4% HCl solution or
a 3.5% NaCl solution. EpAcO-BMF-40 and EpAcO-BMF-50 exhibited slight losses
in gloss after 300 h but remained intact. EpAcO-BMF-60 was completely removed
after 192 h. Moreover, EpAcO-BMF-50 and EpAcO-BMF-60 showed poor alkaline
resistance in comparison with EpAcO-BMF-40, which remained unaffected after
exposure for 384 h. The rates of corrosion of the coatings were 5.5 mils per year
(mpy) for EpAcO-BMF-40 and EpAcO-BMF-50 in water, and 4.75 mpy and
4.8 mpy, respectively, in silane media, while EpAcO-BMF-60 showed higher rates
of corrosion (5.8 mpy in water and 5.5 mpy in silane media). EpAcO-BMF-40
exhibited a lower corrosion rate (4.5 mpy) than EpAcO-BMF-50 (6.8 mpy) and
EpAcO-BMF-60 (8.5 mpy), and in an alkaline medium the corrosion rates were

Fig. 13.21 Phase angle plots after 30 min (a) and 30 days (b) of immersion of coating systems
HDI-GC, MDI-ME, HDI-ME, MDI-GC, and CAP in a 3.5% sodium chloride solution (Duraibabu
et al. 2015). CAP commercially available paint, GC glycidyl carbamate, HDI hexamethylene
diisocyanate, MDI methylene diisocyanate, ME modified epoxy
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5 mpy for EpAcO-BMF-40, 7.8 mpy for EpAcO-BMF-50, and 8.8 mpy for EpAcO-
BMF-60. Among all of the systems, EpAcO-BMF-40 showed the best perfor-
mance in all the media tested, which could have been because this IPN prevented
the entrance of corrosive ions. With a 40 wt% loading of BMF, the melamine
segments increasing the cross-linking density of the coatings could become highly
strained and brittle, and could lose their adhesion. This could provide an easy
passage for corrosive ions to penetrate through the coatings, causing damage to
the coating framework (Zafar et al. 2009a, b). Furthermore, the authors evaluated the

Fig. 13.22 Salt spray testing results after 1000 h of exposure to a 3.5% sodium chloride solution for
the coating systems HDI-GC (a), MDI-ME (b), HDI-ME (c), MDI-GC (d), and CAP (e) (Duraibabu
et al. 2015). CAP commercially available paint, GC glycidyl carbamate, HDI hexamethylene
diisocyanate, MDI methylene diisocyanate, ME modified epoxy
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antimicrobial properties of different systems, namely oxolinic acid (OA), epoxy
(Ep), EpAc, and EpAcO-BMF-40. It was assumed that OA, Ep, and EpAc would
exhibit no activity against any bacteria. EpAcO showed good activity against
S. aureus (12 mm), E. coli (15 mm), and Bacillus (17 mm), while EpAcO-BMF-
40 was even more active against Candida, S. aureus, E. coli, and Bacillus, showing
inhibition zones of 25, 15, 22, and 20 mm, respectively. These results might have
been due to the hydroxyl and carboxyl groups in OA and EpAc being bonded
together by hydrogen bonding, preventing the type of interaction between the
polymer and bacteria that could cause poor antibacterial activity (Wu et al. 2004).
On the other hand, EpAcO structures have carboxyl groups, which undergo chemical
and physical interaction with microbes and cause inhibition of bacterial growth. In
the case of EpAcO-BMF-40, the presence of BMF was found to dramatically
improve the bacterial activity of the IPN structure in the system. The bacterial cell
wall contains multilayer compounds of peptidoglycan and a lipopolysaccharide
(LPS) layer (Nagy et al. 2005). The LPS surface consists of two parts: one is a
core of polysaccharides and another includes hydroxyl groups, which interact with
IPN structures to form a highly crosslinked structure, resulting in deactivation of the
microbes.

In this study a 40 wt% loading of BMF in EpAcO showed excellent film
performance; also, the formation of IPNs in the presence of oleic acid imparted
flexibility with a higher loading of BMF.

13.9 Organic–Inorganic Hybrid Coatings

Coatings containing inorganic and organic materials have shown much improve-
ment in aging resistance, with no (or with extremely low) volatile organic compound
(VOC) emissions, greater resistance to acid and alkali attacks, and amended toler-
ance of high temperatures that does not produce combustion (Pohrelyuk et al. 2014;
Batis et al. 2003; Tkachenko et al. 2012). Furthermore, inorganic fillers can be used
to reinforce epoxy resin, which offers integrity and durability of coating perfor-
mance. The main drawback is that the inorganic nanoparticles cannot be dispersed
uniformly in an epoxy coating to fill cavities, causing crack bridging, crack deflec-
tion, and crack bowing (Lam and Lau 2006; Shi et al. 2003; Hartwig et al. 2005;
Dietsche et al. 2000). Organic materials are commonly used fillers in polymer blends
with epoxy resin, which enormously increases the viscosity as well as the molecular
weight of the resin, and causes problems particularly during paint formulation. One
of the easiest methods used to rectify the above epoxy coating properties is
functionalization of nanoparticles with silane coupling agents to form
organofunctional groups. The functionalized nanofillers can also prevent epoxy
disaggregation during curing, resulting in a homogeneous coating. Similarly, the
nanoparticles tend to fill tiny hole defects formed by local shrinkage during curing of
the epoxy resin, acting as a bridge and also interconnecting more molecules.
Simultaneously, the total free volume is reduced and the cross-linking density is
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increased, improving barrier properties against corrosion and antimicrobial activity,
and reducing coating blister formation or delamination (Shi et al. 2009; Champ
2000; Chang and Gray 2003; Kim et al. 2004).

13.9.1 Grafted TiO2 Nanohybrid Coatings

Saravanan et al. (2016) developed organic (epoxy resin) and inorganic (silane)
hybrid epoxy coatings from DGEBA epoxy resin with surface-functionalized TiO2

nanoparticles, using APTES, and studied various weight percentages (1, 3, 5 and
7 wt%). The corrosion resistance of the reinforced grafted TiO2 with the DGEBA
epoxy coatings is presented in Fig. 13.23.

The Bode plots of the TiO2-APTES-DGEBA coating systems are shown at 0 and
30 days of immersion in a 3.5% NaCl solution. The loading of grafted TiO2 into the
DGEBA epoxy enhanced the impedance value of the 3 wt% loading when compared
with neat epoxy, 1 wt%, 5 wt%, and 7 wt%. This may have been due to uniform
dispersion throughout the matrix and also increased hydrophobicity of the coating,
causing it to repel water and corrosion initiators. Furthermore, the coating with the
higher loading of 7 wt% exhibited improper dispersion, forming an aggregation,
which indicated decreased corrosion resistance properties. The antimicrobial prop-
erties of grafted TiO2-DGEBA epoxy were examined using S. aureus and
P. aeruginosa bacteria in a zone of inhibition method (Fig. 13.24). The TiO2

concentration increased the zone of inhibition in all systems because the Ti2+ ions
on the surface bound to sulfur- and phosphorus-containing biomolecules (DNA),
thereby potentially causing cell damage.
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Fig. 13.23 Bode plots of TiO2-APTES-DGEBA coating systems at 0 days (a) and after 30 days of
immersion in a 3.5% NaCl solution (b) (Saravanan et al. 2016). APTES 3-aminopropyltri-
ethoxysilane, DGEBA diglycidyl ether of bisphenol A
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13.9.2 Encapsulated Zeolite/Epoxy Nanohybrid Coatings

Saravanan et al. (2015) fabricated nanohybrid coatings using low-toxicity benzoic
acid and sodium benzoate with DGEBA epoxy resin. The nanohybrid coatings were
made with different weight percentages of 1, 3, 5, 7, and 10 wt% (Fig. 13.25).

It was ascertained that the corrosion potential (Ecorr) values were decreased by the
coatings (C3, C4, C5, C2, C1 (BA systems); C6, C7, C8, C9, and C10
(SB systems)), clearly showing that the cathodic and anodic reactions were con-
trolled by the MS panel coating. The rate of corrosion was decreased from
1.029 � 10�1 mm/y on the uncoated panel to 3.850 � 10�5 mm/y on the C3
(BA system) panel and 9.372 � 10�4 mm/y on the C7 (SB system) panel; these
decreases were greater than those seen with the other coating systems C1
(1.384 � 10�2), C2 (1.228 � 10�3), C4 (3.043 � 10�3), and C5 (1.812 � 10�3).
These observations might have been due to the contact between the metal and the
electrolyte being restricted by the coatings applied to the MS panels. The maximum

Fig. 13.24 Antimicrobial activities of TiO2-APTES-DGEBA nanohybrid coatings against Staph-
ylococcus aureus (a), Pseudomonas aeruginosa (b), and Aspergillus niger (c); and scanning
electron microscopy image of S. aureus after treatment (d) (Saravanan et al. 2016). APTES 3-
aminopropyltri-ethoxysilane, DGEBA diglycidyl ether of bisphenol A
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restriction was shown by the C3 system with BA/epoxy coating and the minimum
was shown by the C1 system. This could have been due to a uniform distribution of
5 wt% BA within the C3 epoxy coating, offering a barrier effect through interlinking
of more molecules, leading to a defect-free coating. On the other hand, the fast
corrosion of the BA/epoxy coating may have been due to the formation of large
crystals. Similarly, the maximum restriction of the contact between the metal and the
electrolyte was shown by the C7 system with SB/epoxy coating, whereas the
minimum restriction was shown by the C6 system. This could have been due to
uniform distribution of 3 wt% SB within the C7 epoxy coating, which offered
a barrier effect because of the small particle size, giving a defectless coating.
Figure 13.26 shows the antibacterial studies of the control system, the neat epoxy
matrix, the BA/epoxy system C3 (5 wt%), and the SB/epoxy coating system C7
(3 wt%), showing the greater zones of inhibition achieved by the C3 and C7 systems,
owing to the better dispersion and consequent compatibility exhibited by BA and SB
with the DGEBA epoxy matrix.

In this study, the low-toxicity biocides BA and SB were separately incorporated
into epoxy resin coatings in varying compositions (1, 3, 5, 7, and 10 wt%). The
coating incorporating SB 1–3 wt% and the coating incorporating BA 5 wt%
exhibited the best corrosion resistance and fouling resistance among all of the
systems; further, both BA and SB epoxy coatings can be used for corrosion and
fouling protection of the environment.
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Fig. 13.25 Polarization responses of different epoxy/benzoic acid antifouling coatings (a) and
epoxy/sodium benzoate antifouling coatings (b) after 30 days in a 3.5% NaCl solution (Saravanan
et al. 2015)
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13.10 Conclusion

The application of nanotechnology in corrosion protection of metals has recently
gained momentum, as nanoscale materials have unique physical, chemical, and
physicochemical properties, which may improve corrosion protection in comparison
with the bulk-sized forms of materials. Organic–inorganic nanocomposite materials
possess unique properties as new materials and compounds for academic research, as
well as for development of innovative industrial applications.

• These nanocomposites combine the unique properties of organic and inorganic
components in one material.

• The basic multifunctional feature of these nanocomposite materials makes them
potentially applicable in various areas in high-added-value applications such as
smart coatings for corrosion protection and abrasion resistance; artificial mem-
branes for ultra- and nanofiltration, pervaporation, and gas separation; catalysts

Fig. 13.26 Antibacterial testing against Escherichia coli bacteria: control mild steel (MS) plate (a),
neat epoxy coating (b), C3 coating (c), and C7 coating (d) (Saravanan et al. 2015). BA benzoic acid,
SB sodium benzoate
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and nanoscopic reactors; adsorbents of toxic metal ions; biomaterials for
osteoreconstructive surgery; and ophthalmic devices with optoelectronic and
magnetic properties for telecommunications or information displays.

In the development of these composites, inorganic nanoparticles have a strong
tendency to form aggregates; therefore, to improve the dispersion stability and
compatibility of inorganic nanofillers with organic solvents or polymer matrices,
their surfaces should be modified either by grafting of polymers or by absorption of
small molecules, such as silane coupling agents. Surface modification improves the
interfacial interactions between the inorganic nanofillers and the polymer matrices,
resulting in unique properties such as very high mechanical toughness (even at low
loadings of inorganic reinforcements) and other optical, electronic, gas barrier, and
flame retardant properties.

13.11 Future Perspectives

Significant work on nanoscale coatings is under way globally in the area of
nanocoating, including incorporation of nanoparticles in coating formulations that
enhance specific features. Nanotechnology promises to unleash vast potential in the
field of coatings. The future of these special coating markets will further expand in
different industries such as the marine, building, and defense industries. In the
opinion of a great number of experts, nanotechnology has a positive potential not
only for economic development, as considerable improvements are also expected
with regard to protection of infrastructure and human health. Thus, nanotechnology
development may conserve our natural resources and improve the overall perfor-
mance of corrosion protection and antimicrobial protection of steel surfaces.
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