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Preface

The environmentally unsustainable growth of the world resulted in a polluted
ecosystem. In recent years, nanomaterials and nanocomposites have shown their
potentials for environmental remediation. Carbon-based nanomaterials (CBNs),
metal-based and metal oxide-based nanomaterials and other nanocomposites have
been used widely since the last decades. These nanomaterials and nanocomposites
have shown their effectiveness for environmental remediation through adsorption and
reactive oxygen species generation through electro- and photocatalytic processes.

The International Society for Energy, Environment and Sustainability (ISEES)
was founded at Indian Institute of TechnologyKanpur (IITKanpur), India, in January
2014 with an aim to spread knowledge/awareness and catalyse research activities in
the fields of energy, environment, sustainability and combustion. The society’s goal
is to contribute to the development of clean, affordable and secure energy resources
and a sustainable environment for the society and to spread knowledge in the above-
mentioned areas and create awareness about the environmental challenges, which
the world is facing today. The unique way adopted by the society was to break the
conventional silos of specializations (engineering, science, environment, agricul-
ture, biotechnology, materials, fuels, etc.) to tackle the problems related to energy,
environment and sustainability in a holistic manner. This is quite evident by the
participation of experts from all fields to resolve these issues. ISEES is involved in
various activities such as conducting workshops, seminars and conferences in the
domains of its interests. The society also recognizes the outstanding works done by
the young scientists and engineers for their contributions in these fields by conferring
them awards under various categories.

The Fourth International Conference on ‘Sustainable Energy and Environmental
Challenges’ (IV-SEEC) was organized under the auspices of ISEES from 27 to 29
November 2019, at NEERI, Nagpur. This conference provided a platform for discus-
sions between eminent scientists and engineers from various countries including
India, USA, China, Italy, Mexico, South Korea, Japan, Sweden, Greece, Czech
Republic, Germany, Netherland and Canada. In this conference, eminent speakers
from all over the world presented their views related to different aspects of energy,
combustion, emissions and alternative energy resource for sustainable development
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vi Preface

and cleaner environment. The conference presented one high-voltage plenary talk
by Mrs. Rashmi Urdhwareshe, Director, Automotive Research Association of India
(ARAI), Pune.

The conference included 28 technical sessions on topics related to energy and envi-
ronmental sustainability including 1 plenary talk, 25 keynote talks and 54 invited talks
from prominent scientists, in addition to 70+ contributed talks and 80+ poster presen-
tation by students and researchers. The technical sessions in the conference included
fuels, engine technology and emissions, coal and biomass combustion/gasification,
atomization and sprays, combustion and modelling, alternative energy resources,
water andwater andwastewater treatment, automobile andother environmental appli-
cations, environmental challenges and sustainability, nuclear energy and other envi-
ronmental challenges, clean fuels and other environmental challenges, water pollu-
tion and control, biomass and biotechnology, waste to wealth, microbiology, biotech-
nological and other environmental applications, waste and wastewater management,
cleaner technology and environment, sustainable materials and processes, energy,
environment and sustainability, technologies and approaches for clean, sensors and
materials for environmental, biological processes and environmental sustainability.
One of the highlights of the conference was the Rapid-Fire Poster Sessions in
(i) engine/fuels/emissions, (ii) environment and (iii) biotechnology, where 50+
students participatedwith great enthusiasmandwonmanyprizes in afiercely compet-
itive environment. Three hundred plus participants and speakers attended this three
days conference, where 12 ISEES books published by Springer, Singapore, under
a special dedicated series ‘Energy, Environment and Sustainability’ were released.
This was third time in a row that such significant and high-quality outcome has been
achieved by any society in India. The conference concluded with a panel discussion
on ‘Balancing Energy Security, Environmental Impacts&EconomicConsiderations:
Indian Perspective’, where the panellists were Dr. Anjan Ray, CSIR-IIP Dehradun;
Dr. R. R. Sonde, Thermax Ltd.; Prof. Avinash Kumar Agarwal, IIT Kanpur; Dr. R.
Srikanth, National Institute of Advanced Studies, Bengaluru; and Dr. Rakesh Kumar,
NEERI, Nagpur. The panel discussion was moderated by Prof. Ashok Pandey,
Chairman, ISEES. This conference laid out the roadmap for technology development,
opportunities and challenges in energy, environment and sustainability domain. All
these topics are very relevant for the country and the world in present context. We
acknowledge the support received from various funding agencies and organizations
for the successful conduct of the Fourth International Conference on ‘Sustainable
Energy and Environmental Challenges’ (IV-SEEC), where these books germinated.
Wewould therefore like to acknowledge SERB, Government of India (special thanks
to Dr. Sandeep Verma, Secretary); NEERI, Nagpur (special thanks to Dr. Rakesh
Kumar, Director), CSIR, and our publishing partner Springer (special thanks to Swati
Mehershi).

The editors would like to express their sincere gratitude to large number of authors
from all over the world for submitting their high-quality work in a timely manner
and revising it appropriately at short notice. We would like to express our special
thanks to Dr. A. Sinha, Dr. A. Shriwastav, Dr. Simant K. Shrivastv, Dr. M. K. Tiwari,
Dr. K. K. Singh, Dr. S. Abraham, Dr. P. Kalbar, Dr. M. Sahu, Dr. A. Chakraborty,



Preface vii

Dr. T. Nawaz, Dr. S. Singh and Dr. V. S. Vamsi Botlaguduru who reviewed various
chapters of this monograph and provided their valuable suggestions to improve the
manuscripts.

This book focussed on the recent development of the nanomaterials and nanocom-
posites for the pollutionmeasurement and their control inwater, air and soil. The book
comprises 12 chapters and has been incorporated carbon-based, metal-based and
metal-organic framework-based nanomaterials and nanocomposites for emerging
contaminants (pharmaceuticals and personal care products) degradation, disinfec-
tion and other traditional pollutants degradation and removal. Overall, this book
offers updated literature for researchers and academicians working in the field of
environmental remediation by nanomaterials.

Chapters include recent results more focussed on current trends of environmental
nanotechnology. In this book, readers will get the idea about the different metal-
based and non-metal-based nanoparticles for the environmental remediation. We
hope that the book would be of great interest to the professionals, postgraduate
students involved in material science and engineering, chemical engineering and
environmental nanotechnology research.

Mumbai, India
Duisburg, Germany
Kanpur, India
Kanpur, India

Swatantra P. Singh
Karthik Rathinam

Tarun Gupta
Avinash Kumar Agarwal
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Chapter 1
Nanomaterials and Nanocomposites
for Environmental Remediation

Swatantra P. Singh, Karthik Rathinam, Tarun Gupta,
and Avinash Kumar Agarwal

Abstract The environmentally unsustainable growth of the world resulted in a
polluted ecosystem. In recent years, nanomaterials and nanocomposites have shown
their potentials for environmental remediation. Carbon-based nanomaterials (CBNs),
metal and metal oxide-based nanomaterials, and other nanocomposites have been
used widely since the last decades. These nanomaterials and nanocomposites have
shown their effectiveness through adsorption, reactive oxygen species generation
through electro- and photocatalytic processes. This book focused on the recent
development of the nanomaterials and nanocomposites for the pollution measure-
ment and their control in water, air, and soil. The book comprises 12 chapters and
has been incorporated carbon-based, metal-based, and metal–organic framework-
based nanomaterials and nanocomposites for emerging contaminants (pharmaceu-
ticals and personal care products) degradation, disinfection and other traditional
pollutants degradation and removal. Overall, this book offers updated literature for
researchers and academicians working in the field of environmental remediation by
nanomaterials.
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1.1 Introduction

The importance of clean air,water, and the soil is the key to the better health of humans
and the ecosystem. The health problems from the consumption of polluted air, water,
and food are a significant cause of humanmisery and extinction ofmany other species
from the Earth. The advancements in nanoscience and nanotechnology, in particular,
the ability of detection, measurement, and degradation of pollutants have increased
significantly over the years. Carbon-based nanomaterials (CBNs), such as carbon
nanomaterials (CNMs), viz carbon nanofibers (CNFs), fullerenes, carbon nanotubes
(CNTs), nanodiamonds/onions, graphene/graphene oxide, and their derivatives have
strongly impacted the field of nanotechnology due to its physical, electronic, and
chemical properties. The strongπ–π interactions, with the electrostatic interaction of
the functional groups and porous properties by the CNMs,make it a prominent adsor-
bent, and also the conductivity makes them a better candidate for the electrochemical
sensor.

In Chap. 2, the authors have discussed the role of the CNMs for the quantifi-
cation and detection of different pollutants. Among various carbon-based nano-
materials, graphene-based nanocomposite materials are gaining the attention of
researchers globally as novel materials for biomedical, energy, electronic and envi-
ronmental applications. Graphene has unique properties, especially its exception-
ally high specific surface area, mechanical strength, electron mobility, and thermal
conductivity, and recently scientists have demonstrated a new fabrication technique
for the graphene called laser-induced graphene(LIG). Chapter 3 deals with the uses
of titanium doped LIG for the environmental applications along with the advantages
and disadvantages of different synthesis methods for graphene.

Disinfection is important for any water purification technologies, and many tech-
nologies such as UV, chlorination, and ozonation, have been implemented, but
possess limitations in terms of operations, cost, and carcinogenic by-products forma-
tion. Electrochemical disinfection is an attractive technology to overcome many
challenges. Graphene extraordinary electrical properties can be a solution to design
next-generation electrodes and filters. Additionally, Metal-based nanoparticles have
shown their potential for antimicrobial agents as they generate reactive oxygen
species (ROS) and create oxidative stress in the microbes. Chapter 4 discusses the
use of carbon and metal-based nanomaterials in disinfection processes and how LIG
with the metal nanoparticles can provide next-generation electrodes and surfaces for
the effective disinfection process.

The removal of multiple pollutants in water resources is a great challenge, at
present, to protect the environment and human health. The emerging contaminants
are not desirable even at low concentrations due to their toxicity; therefore, theymust
be either removed or degraded. The polymericmaterials have gained their uses nowa-
days in water treatment applications for the removal of multiple pollutants. Chapter 5
in the book explains the graphitic carbonnitride (g-C3N4), a two-dimensional organic
polymeric material for an effective adsorbent and photo-catalyst for both removal
and degradation of multiple contaminants in the water. This chapter has covered the
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recent applications of g-C3N4-based materials in water and wastewater treatment
processes, along with the possible future challenges for the g-C3N4.

The antibiotic-resistant bacteria is now a big challenge in current time due to the
excessive use of antibiotics and the disposal of untreated wastewater. The antibiotics
are designed to target the cell wall, protein synthesis, and DNA replication, but with
the exposure, they develop the resistance for the antibiotics. The metal nanoparticles
have shown great potential for antibiotic-resistant bacteria and inactivate them via
oxidative stress, dissolvedmetal ions, or non-oxidative. Chapter 6 focuses onmecha-
nisms for howbacteria develop antibiotic-resistant, allowwith the antibiotic action on
them. This chapter also describes the role of size, composition, shape, morphology,
zeta potential, and environmental conditions of metal nanoparticles (silver, copper,
gold, aluminium) and metal oxides nanoparticles (copper oxide, titanium dioxide
nanoparticles, zinc oxide and magnesium oxide nanoparticles) on the antibacterial
action.

Bi-based oxide nanostructures have been gaining their environmental applications
such as catalytic oxidation of pollutants and their ability for the recovery from the
system due to magnetic nature. The catalyst regeneration capacity makes it a cost-
effective catalyst and could be one of the right candidates for sustainable pollutant
remediation. Due to the narrow band gap, multiferroic behaviour, and better chem-
ical stability, bismuth (Bi)-based oxides catalysts are the potential photocatalysts for
environmental application. Chapter 7 describe the crystal structure, synthesis, char-
acterizations, and photocatalytic degradation mechanism of BiFeO3. The strategies
for the improvement of photocatalytic performances of BiFeO3 for organic pollutants
are also discussed in this chapter.

Photocatalytic oxidation processes produce reactive oxygen species for theminer-
alization of organic pollutants. The visible light active and cost-effective photocat-
alysts development is still under research, and scientists are trying to improve the
visible light active photocatalysts efficiency. Chapter 8 provides a comprehensive
review on the basics of photocatalysis, its mechanism, and surface modification
approaches for improving photocatalysts. This chapter also discussed the photore-
duction for inorganic compounds removal, photocatalytic oxidation of organic
compounds, and the factors affecting the photocatalysis process.

The metal-doped polymeric and bio-polymeric-based adsorbent and photocat-
alyst have sown their potential materials for the removal of toxic organic dyes
from water. Chitosan and cellulose composites-based photocatalysts with metal can
perform photocatalysis with adsorption process, and shown a synchronous effect
in improving photocatalytic activity with doping. The modified biopolymers with
metals have more active sites at the surface of the adsorbent, leads to enhance dye
and semiconductor interaction along with suppressing electron–hole recombination
rates during the photocatalytic process. Chapter 9 has discussed the application of
various metal activated composites for photodegradation of dyes in the wastew-
ater. It further emphasizes the existing obstruction and impending prediction for the
deprivation of dyes via photocatalytic techniques.

Many 2D-based materials such as graphene, metal–organic frameworks (MOFs)
were effectively used for capturing many toxic heavy metal ions from the water. The
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MOFs are gaining their presence in the water and wastewater treatment. Chapter 10
has provided the latest methods of MOFs fabrication and their application for the
removal of inorganic and emerging organic contaminants present in the wastewater.

Chapter 11 discussed the surfacemodification for the diverse environmental reme-
dial applications like adsorption, photocatalytic degradation, oil–water separation
and capture, self-cleaning, and anti-microbial/anti-bacterial or anti-foulants proper-
ties. This chapter provides a detailed outlook on the current status on environmental
remedial strategies by using various modified surfaces.

The advanced oxidation process (AOPs) is a promising technique and has gained
importance due to its ability to degrade and mineralize complex organic pollutants,
including emerging contaminants (ECs). AOPs effectiveness depends on the in-situ
generation of reactive chemical species (ROS) such as hydroxyl radicals. Chapter 12
discusses theworking principles, andmechanisms of variousAOPs, including ozona-
tion, Fenton, photolysis, plasma, sonolysis, and photocatalysis, and their combina-
tions. The role of different nanoparticles in these processes has been discussed. The
application of AOPS for the degrading ECs are discussed along with the origin, fate,
and human and ecological health impacts of ECs in water bodies. Overall, this book
offers a state of the art literature for researchers and academicians working in the
field of environmental remediation by nanomaterials and nanocomposites.



Chapter 2
Carbon Nanomaterials: A Prominent
Emerging Materials Towards
Environmental Pollution Study
and Control

Shivangi Mishra, D. P. Mondal, Pradip Kumar, and Shiv Singh

Abstract Increasing global issues based on pollution are threat to not only the
present scenario, but also the results are going to be more saddening in the coming
future. A major portion of the solution can be achieved by focusing the aim on
the recyclability of the natural resources. Whether it is a concern to water pollu-
tion leading to water scarcity, or air pollution leading to fresh and breathable air
scarcity, the data are not significantly acceptable. In recent years, carbon nanomate-
rials (CNMs), viz; carbon nanofibers (CNFs), fullerenes, carbon nanotubes (CNTs),
nanodiamonds/onions, graphene/graphene oxide, and their derivatives have been
widely investigated as adsorbents, sensors, bio-chemical/electro-catalysts, fuel cells,
andmanymore. The admirable properties of the aforementioned CNMs such as, high
thermal and chemical stability, reusability, ease of modification, low density, high-
electrical conductivity, sensitivity, and selectivity, are some positive aspects, which
integrate CNMs as promising materials for detection and quantification of the pollu-
tants. The strong π–π interactions and porous properties shown by the CNMs make
it a prominent adsorbent, and also the high sensitivity and selectivity allow it to be a
better option as an electrochemical sensor. In this book chapter, the role of the CNMs
has been discussed thoroughly as a class of material to quantify and detect different
pollutants, added with the pinch of its properties as an environmental beneficiary.
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2.1 Introduction

In the present era, the sustainability of clean and breathable surroundings is still one
of the grand global challenges. The rate at which the world population is growing
every day, it demands the need for development in urbanization and industrialization.
This fact increases the concern for not only clean water and air supply but also of the
availability of the resources for the remediation of the environment around the globe.
The discharge of wastewater from the industries without pre-treatment is one of the
main causes ofwater pollution, adding to it the discharge or dumping of thewaste, and
also leaching of different chemicals from the farms are some significant sources. The
pollutants include heavy metals, fertilizers, pesticide residues, detergents, phenols,
dyes, oil, and grease (Schweitzer and Noblet 2018; Srivastava et al. 2020a; Singh
et al. 2018a; Kumar and Verma 2020). The presence of these pollutants even at trace
levels is very threatening, as they have the property of accumulation in soil, water-
bodies, and in human body, which may cause problems in future (Ren et al. 2018;
Reddy 2017; Asfaram et al. 2018). By keeping in mind the present environmental
conditions, there is an urgent need to develop highly efficient and sensitive, reliable,
user-friendly methodologies for quantification and monitoring of these pollutants in
different mediums.

The preparation and application of effective materials for wastewater treatment
are an evolving area for research these days. Various carbon-based nanomaterials
(CNMs) have achieved incredible attention in a variety of fields due to their excep-
tional properties (Kumar et al. 2008, 2012; Kumar and Bohidar 2010; Mishra et al.
2020; Pandey et al 2020a; Singh et al. 2020a; Singh et al. 2020b). The CNMs show
distinct thermal and electrical conductivity, and also they differ in action from their
bulky counterparts in mechanical and optical properties (Buzea et al. 2007; Kumar
et al. 2015; Singh et al. 2020c). The former leader of the carbon allotropes was
sp2 hybridized graphite and sp3 hybridized diamond. The novel CNMs includes a
class of materials that are entirely sp2 hybridized and range from zero-dimensional
(0D) to three-dimensional (3D) CNMs, viz, fullerenes, graphenes and its derivatives,
CNTs, CNFs, carbon dots, and many more (Novoselov et al. 2005; Yuan et al. 2014;
Geim and Novoselov 2007; Geim 2009; Kumar et al. 2016, 2014; Pankaj et al. 2018;
Pandey et al 2020b; Pophali et al. 2020; Ashfaq et al. 2013). Figure 2.1 shows the
allotropes of carbon (Rauti et al. 2019). The structure, molecular composition, size,
surface chemistry, and more importantly, the structure of the CNMs is controllable
and can be tailored accordingly for the desired application (Li et al. 2019a).

Among several nanomaterials, CNMshave beenproven as a next-generationmate-
rial for a wide class of applications, such as adsorbents (Baig et al 2019; Bikshapathi
et al. 2012; Singh et al. 2014a), drug delivery (Deb and Vimala 2018; Singh et al.
2019a), catalytic reactions (Li et al. 2015; Jeng et al. 2011), biosensors (Singh et al.
2019b; Xie et al. 2019; Bairagi et al. 2019), antibacterial agents (Singh et al. 2013,
2014b), wastewater treatments (Kumar et al. 2020) and fuel cells (Xie et al. 2019;
Gupta et al. 2017; Singh et al. 2018b, 2016; Modi et al. 2016; Singh and Verma
2015a, 2015b). With the increasing interest in nanotechnology, CNMs have emerged
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Fig. 2.1 Allotropes of carbon. Reproduced with permission from Rauti et al. (2019). Copyright
2019 Elsevier

out as an efficient material for their applications, mainly in wastewater remediation
(Farghali et al. 2013; Dil et al. 2016; Taher et al. 2018). The properties, as mentioned
above of the CNMs, are admirable and thus are provoking their use in every possible
field (Singh and Verma 2015b).

Carbon-basednanomaterials andnanotechnologyprovide an excellent perspective
for wastewater treatment with high efficacy and lead to the availability of more
clean water sources. As compared to the conventional technologies, CNMs offer far
better and cost-effective methodologies for the wastewater treatment at small scale,
because they hold high-surface area, and are highly reactive. CNMs are proven
to be an efficient adsorbent because of their porous structure and their tendency
toward surface modification (Goh et al. 2016). These appealing characteristics and
the assurance offered by this class of nanomaterials have to lead to the fabrication of
various CNMs for wastewater treatments.

Many researchers have reported CNMs for their fascinating utilities in wastew-
ater treatment and other water related applications. Nevertheless, the number of book
chapters on the application of CNMs for wastewater remediations is few in numbers.
This chapter provides a comprehensive overview of the recent advances in nanotech-
nologies and nanostructured carbon materials for the quantification and treatment of
pollutants in water resources.
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2.2 Graphene and Its Derivatives

Graphene has a flat two-dimensional (2D) structure, in which carbon atoms are
packed layerwise in a honeycomb manner (Geim and Novoselov 2007). Among
other nanosystems, graphene has higher stability due to the delocalization of the
π-electrons. The thermal conductivity in graphene is high with remarkable electron
mobility, which is 3000 WmK−1 and 200,000 cm2 V−1 s−1, respectively (Kumar
2019). The theoretical surface area is calculated to be 2630 m2 g−1 for graphene,
which is also recommendable over other CNMs (Baig and Saleh 2018). Graphene
is also considered over other CNMs because it can be used as a base material to
derive other forms of CNMs. Various modification is also possible by doping and
creating defects; hence this can tune up the electronic and reactive properties of the
graphene and its derivatives (Stoller et al. 2008; Cho et al. 2017, 2016). Coming to
the 2-D graphene nanomaterials, which have a high-aspect-ratio due to the sheet-
like structure with a single-layered or few-atom-thick layers, also this structure adds
superior electronic and surface properties to graphene-based nanomaterials (Zhang
et al. 2019; Chen et al. 2018; Su et al. 2018).

With more upgradation in the technologies, 3-D graphene nanomaterials also
provide a wider perspective for the wastewater treatments. These 3-D graphenes
are found to be used as adsorbents. These 3-D graphenes nanomaterials are more
prominent over the 2-D graphenes, as these, along with the retention of the intrinsic
properties of graphene, also posses comparatively higher porosity, high-mechanical
strength and electronic properties, larger surface area and lower density (Qiu et al.
2018; Salzano de Luna et al. 2019; Wang et al. 2019). Rolling over such tremendous
features, the graphene-based CNMs are persistent fabrication materials, for wastew-
ater remediation. This book chapter provides the view over the use of graphene-based
CNMs in wastewater remediation as an adsorbent (Mandeep et al. 2020), sensors
(Hajati 2020).

2.2.1 Adsorbents

As discussed earlier, the properties of the 2-D and 3-D graphenes make them favor-
able for the use in wastewater remediation, as adsorbents. The high porosity and
higher surface area, low-production cost allows these materials for the removal of
toxic pollutants such as dyes, pesticides, halogenated compounds, heavy metals, etc.
from the water sources (Vicente-Martínez et al. 2020). The property of graphene
allows it to get fabricated into more usable for by doping or attaching of metals or
oxides or peroxides. The introduction of oxygenated functionalities into the graphene
structure for the making of graphene oxides (GO) provides a hydrophilic nature to
the fabricated material. The oxidized graphene-based CNMs can easily disperse in
the aqueous media basically in the organic solvents. Figure 2.2 shows the schematic
adsorptionmechanismof graphene oxide onmethylene blue (Jun et al. 2018). Further,
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Fig. 2.2 Illustrationof the adsorptionmechanismofgrapheneoxideonmethyleneblue.Reproduced
with permission from Jun et al. (2018). Copyright 2018 Elsevier

the recovery of the honeycomb structure, oxidized graphenes are reduced to removal
forces, hydrogen bonding, πer the electrical conductivity. These reduced forms of
the oxidized graphenes are known as reduced graphene oxides or r-GO. Graphene
shows six types of interaction with the adsorbates, i.e., electrostatic interactions, van
der Waals forces, π- bonding interactions, Lewis-acid-base interactions, hydrogen
bonding, and hydrophobic effects. These kinds of interactions allow feasible adsorp-
tion of organic pollutants on the graphene-based CNMs.Also, the presence of defects
and functional groups on the surface or within the structure of graphene-based CNMs
acts as a site for the growth of nanoparticles via nucleation (Mandeep et al. 2020).

In this section of the chapter, wewill discuss the use of graphene and its derivatives
in the field of wastewater remediation as adsorbents. Various literature provides a
variety of data on how graphene-based adsorbents are used for the quantification
and detection of organic pollutants such as nitro compounds, polycyclic aromatic
hydrocarbons, pesticides, antibiotics, phenols, heavy metals, and many more (Jun
et al. 2018; Gusain et al. 2020).

2.2.1.1 Heavy Metals

In recent research done on the removal of toxic M(II) (Pb+2, Cr+3, Cu+2, Zn+2, and
Ni+2), magnetic graphene oxides (MGO)were used as adsorbents. MGOwas synthe-
sized by the fabrication of iron particles (Fe3+) on the surface of GO by the co-
precipitation method (Su et al. 2017). The prepared MGO was characterized using
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scanning electron microscopy (SEM), X-ray diffraction, vibration spectrophotom-
etry, UV-VIS spectrometry, and fourier-transform infrared spectroscopy (FTIR). The
selected targeted heavy M(II) was (Pb+2, Cr+3, Cu+2, Zn+2, and Ni+2). The adsorp-
tion studies were done under optimized conditions, i.e., pH (3–9), adsorbent dose
(0.002–0.016 g), and contact time (10–65 min). Kinetic and adsorption experiments
were also done under optimized adsorption conditions. The study effectively showed
that the fabricated MGOwas effective for the removal of Pb+2, Cr+3, Cu+2, Zn+2, and
Ni+2 ions from aqueous solutions. The magnetization of GO to produce MGO was
achieved within 20 min. The characterization studies confirmed the fruitful function-
alization ofMGO.Themaximumuptake ofCr+3,Ni+2, Zn+2, Pb+2, Cu+2ions byMGO
took place at pH of 6, 8, 7, 5, respectively. An increase in the adsorption was seen
with the increasing dose from 0002 to 0.016 g. The Langmuir model showed that the
maximum adsorption capacities for Pb+2, Cr+3, Cu+2, Zn+2, and Ni+2 were 200.00,
24.330, 62.893, 63.694, and 51.020 mg/g, respectively. The study showed that the
adsorption process reached the adsorption equilibrium within 30 min and followed
a pseudo-second-order kinetic model. Thus, this experimental study showed that the
MGO was successfully used as adsorbent material for removing heavy metal ions
for wastewater remediation (Ain et al. 2020).

One more study based on the MGO as adsorbents was done. In this study,
three types of graphene-based CNMs were fabricated, which were, MGO, magnetic
chemically reduced graphene (MCRG), and magnetic annealing-reduced graphene
(MARG). All three adsorbents were investigated to isolate adsorption capacities and
different molecular mechanisms. Three subjects were finalized for the identifica-
tion, quantification, and removal, namely tetracycline (TC), arsenate (Huang et al.
2019), and cadmium (Huang et al. 2019). The study revealed that the adsorption of
the three contaminants was pH-dependent, and also MGO was found more suitable
for studying the adsorption behaviors in three different binary systems (Fig. 2.3).
The maximum adsorption capabilities of MGO were reported as 14 mg/g for As(V),
252 mg/g for TC, and 234 mg/g for Cd (II). The presence of various O-containing
functional groups, high dispersibility, and the presence of thin nanosheets provide
superiority to MGO over the other two graphenes. The presence of n-π electron-
donor-acceptor (EDA) effect was more prominent over H-bonding and π-π interac-
tions andwas themain reason for the adsorption of TCon theMGO. It was found that,
in the presence of TC, the adsorption of As(V) was suppressed, but on the contrary,
As(V)merely showedanyvariation in theTCadsorption. In the co-adsorption system,
the adsorptionwas increased by 65 and 30% forCd(II) andAs(V), respectively. These
novel CNMs elucidated various interaction mechanisms and opened new paths for
the fabrication of novel adsorbents for practical applications (Huang et al. 2019).

In another report, graphene marked as G-ASP2 was synthesized in the laboratory
aiming to investigate the ability of G-ASP2 and its activated from AG-ASP2 as
adsorbents for the removal of heavy metal ions, namely Ni (II), Pb(II), and Fe(II)
ions from aqueous media. The characterization study for the prepared graphene-
basedCNMs (G-ASP2)was done bySEM, transmission electronmicroscopy (TEM),
Raman spectroscopy, and thermogravimetric analysis (TGA). For the acid activation
of the prepared G-ASP2, concentrated H2SO4 and HNO3 were used. The adsorption
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Fig. 2.3 TEM images of a magnetic graphene oxide (MGO), b magnetic chemically reduced
graphene (MCRG), and c magnetic annealing reduced graphene (MARG) samples. (d–f) pH-
dependent adsorptions of tetracycline (TC), Cd(II), and As(V), onto MGO, MCRG and MARG,
respectively. The adsorption capacity was calculated for a contact time of 24 h. Reproduced with
permission from Huang et al. (2019). Copyright 2019 Elsevier

is strongly governed by the surface area and functionality, and also on the pore
distribution and structure of the adsorbents. It is found that activated graphene showed
amuch higher surface area, butAG-ASP2 lost the affinity toward the heavymetal ions
due to the removal of the functional groups present on the graphene surface because
of the aid activation. This lead to the conclusion that the acid activation of G-ASP2
failed to meet the expectations for increasing the adsorption capacity of graphene.
For all analyzed systems, a total of 30 min was sufficient to reach the equilibrium.
The pseudo-second-order model described the sorption kinetics of Fe(II), Pb(II), and
Ni(II) on both the sorbents. Single-metal systems were found more efficient than the
multi-metal systems for the removal of M(II), which thus, indicated the presence
of an antagonistic effect. In the multi-metal solutions, the activated graphene as
sorbent showed an increase in the removal effect for the Pb(II) ions, and this was
evident for the synergistic effect. The result obtained from this study was helpful for
understanding the role of graphene and activated graphene in the removal of heavy
metal ions from wastewater (Atkovska et al. 2020).

2.2.1.2 Organic Pollutants

Organic pollutants cover a wide class of pollutants, which include PAHs, antibi-
otics, dyes, phenolic compounds, and pesticides, etc. PAHs are semi-volatile and
carcinogenic organic compounds, which are categorized by the presence of fused
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aromatic rings. Many kinds of literature have been found, which overlays that
graphene and its derivatives can be used successfully for the removal of the aforemen-
tioned organic pollutants from the polluted water. This section reveals the potential
of graphene-based nanomaterials as an adsorbent for different classes of organic
pollutants.

A novel biocomposite polyacrylic acid-grafted-carboxylic graphene/titanium
nanotube (PAA-g-CGR/TNT) was synthesized for the adsorption of enrofloxacin,
an antibiotic from aqueous solution. This novel fabricated biocomposite also acted
as a photocatalyst. The characterization of the composite was done using FTIR,
SEM, TEM, XRD, XPS, DRS, and surface area analyser. The photocatalytic activity
study was done by evaluating the degradation of the pollutants in the presence of
sunlight. A two-step mechanism was forwarded, the first adsorption, followed by
photodegradation for the successful removal of the antibiotic enrofloxacin from the
aqueous solution. The pH and temperature for the maximum adsorption were 5.0
and 30 °C, respectively. Pseudo-second-order kinetics were best fitted to the adsorp-
tion mechanism, whereas for the photodegradation process, the kinetic behavior
followed first-order kinetics with pH value 5.0. The bandgap of the biocomposite
(PAA-g-CGR/TNT) was 2.60 eV, which falls in the visible range. The adsorbent –
cum-photocatalyst was tested for up to five cycles to check its reuse and regeneration
(Anirudhan et al. 2017).

A study was performed for the adsorption of some selected organophos-
phorus pesticides (OPPs), namely parathion, chlorpyrifos, and malathion from
aqueous medium. For this study, a novel composite graphene oxide-based
silica-coated magnetic nanoparticles (Fe3O4@SiO2@GO) functionalized with 2-
phenylethylamine (PEA) was fabricated. The characterization of the fabricated
(Fe3O4@SiO2@GO) composite was carried by using XRD, Zeta potential, TEM,
FTIR, vibrating sample magnetometer (VSM), and Nitrogen adsorption/desorption
at 77 K. The maximum adsorption was achieved at 15 min, with an adsorbent dose
of 15 mg using 1 μg/mL. The synthesized material can be used on a variety of
samples, as no significant pH difference was found. Sorption isotherm data were
found to be suitable to fit with Freundlich, Dubinin-Radushkevich, Redlich, Lang-
muir, Sips, and Petersonmodels when non-linear methods were studied. All the three
pesticides were found to fit best with the Sips model, then other sorption isothermic
models. The experimental data obtained using the non-linear methods showed that
pseudo-first and pseudo-second-order kinetic model was more acceptable, and also
the pseudo-second-order kinetic model was the best fit with all the three pesticides’
data. The fabricated material was tested for its reusability, and it was found that
after 10 cycles, there was a little lost in the recovery of the three pesticides. The
adsorbent was tested for real samples, and the recovery obtained was remarkable.
Thus, Fe3O4@SiO2@GO composite can be used efficiently as an adsorbent for the
quantification and other analysis of the pesticides (Wanjeri et al. 2018).

Apart from the use of graphene as an adsorbent for pesticides and other organic
pollutants, it was also proven to be an efficient alternative for dyes, as compared to
other available alternatives. In a report, graphene oxide was a proficient adsorbent
for the removal of two dyes, namely, basic red 12 (BR12), and methyl orange (MO)
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from aqueous solution. The study was conducted under optimized conditions, and
the impact of various parameters including, contact time, initial dye concentrations,
temperature, and pH were well observed. Adsorption process took 100 min, under
optimized conditions, and maximum removal of the dye occurred at pH 3. It was
found that the adsorption capacity for BR 12 dye gradually increased due to a hike
in the interactions between the adsorbent surface and dye particles. On the contrary
to this, due to the negative charge over methyl orange and negative charge carried
by the graphene oxide surface, there was a repulsion, which lead to a decrease in the
adsorption of methyl orange. The effect of temperature was endothermic. The linear
regression and least value of the chi-square statistic were R2 = 0.999 and X2 = 2.28,
respectively, which were remarkably high. The observed statistic and linear values
showed that type (I) Langmuir isotherm was best fitted to the adsorption equilibrium
(Robati et al. 2016). Also, it was found that the uptake of methyl blue from aqueous
phase gradually increased with an increase in the oxidation degrees of graphene
oxide (Yan et al. 2014).

2.2.2 Sensors

The excellent electronic properties of graphene welcome its application as electro-
chemical biosensors for environmental remediations. It was reported that graphene
field-effect transistor (GEFT) biosensor was fabricated for the detection of various
water pollutants. The variation of environmental conditions causes some nonspecific
disturbances,which hinders the sensitivity of such sensors. The fabricated differential
GEFT sensor was designed in such a manner that it can selectively detect the water
pollutants and that too in the presence of nonspecific disturbances. This differential
sensor was used for the selective detection of 17β-estradiol in both buffer and tap
water. Consistent detection results were obtained in accordance with the variations
(Li et al. 2019b).

Due to the dumping and discharge of industrial wastes into water sources, various
carcinogenic metals and compounds can be found in the water system. In a report,
a graphene monolayer based sensor was designed for the detection of carcinogenic
heavy metals including, Cr, Hg, As, Cd, and Pb in the aqueous phase. The transport
and electronic properties of the graphenemonolayer were studied in both the aqueous
phase and vacuum. The analysis of the graphene made clear that graphene, in its pure
form, has no sensitivity for water molecules, but it can interact with the carcinogenic
heavy metal Cr. The interaction between the Cr metal and monolayer was calculated
through Bader analysis, for the significant charge transfer. The substantial variations
in the density of states (DOS) profile, current–voltage, and band-structure charac-
teristics obtained for the graphene monolayer in the presence of Cr, confirmed that
graphene monolayer is the comparatively better material for the detection of Cr, even
at a small applied voltage of 400 mV in water. This report proved that the graphene
monolayer could be used efficiently for the detection of Cr with a response time of
82% (Srivastava et al. 2020b).
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2.3 Carbon Nanotubes

Carbon nanotubes CNTs are defined as graphite sheets rolled up into cylindrical
shapes. There are two types of carbon nanotubes that are classified on the basis
of carbon layers present. First one is single-walled carbon nanotubes (SWCNTs)
is made up of single layer of graphene whose diameter varies between 0.4 and
2 nm, and the second one is multi-walled carbon nanotubes (MWCNTs) is made
up of two or more graphene sheet cylinders, varying between 1 and 3 nm of diam-
eter. The advantageous characteristics of CNTs include high-tensile strength, special
electronic structures, ultra-lightweight, high chemical, and thermal stability (Polizu
et al. 2006; He et al.2013; Che et al. 2000). CNTs are one of the most exploited
CNMs for several applications. In this portion, an overview of how CNTs are used
for wastewater remediation is discussed.

2.3.1 Adsorbents

As discussed earlier on how CNMs are useful in the environmental remediation,
CNTs as a class of CNMs cover a major area of attribution toward the wastew-
ater treatment as adsorbents. In one of the reports, chemically modified carboxy-
lated multi-walled carbon nanotubes (MWCNTs-COOH) were used for the removal
of Cd(II) from wastewater. 3-aminopyrazole was used to fabricate MWCNTs-f.
Three nano adsorbents, namely; MWCNTs, MWCNTs-f, MWCNTs-COOH, were
separately used for the adsorption of Cd (II) ions (Alimohammady et al. 2017).

In another report, CNTs were utilized for the removal of diquat dibromide (DQ)
herbicide from the water. Oxidized multi-walled carbon nanotube (OMWCNTs)
was used as adsorbent carrying non-magnetic properties, and on the other hand,
OMWCNTs-Fe3O4 and OMWCNT-κ-carrageenan-Fe3O4 nanocomposites were
carrying non-magnetic properties. For each set of adsorption system, the effects
of the initial concentration of DQ, temperature, and contact time on the adsorp-
tion were studied. Experimental data showed that OMWCNTs had a faster rate of
adsorption and also showed higher maximum adsorption capacity, over the magnetic
adsorbents. It was found that the initial sorption rate gradually reported a fall
from 0.674 to 0.612 mg/g/min for OMWCNT-κ-carrageenan-Fe3O4, from 1.21 to
0.823 mg/g/min for OMWCNT-DQ system, and from 29.1 to 4.28 mg/g/min for
the non-magnetic OMWCNTs-DQ system. At 25° C, the maximum adsorption
capacity of OMWCNTswas approximately 5.4 and 2.8 fold higher than themagnetic
OMWCNT-κ-carrageenan-Fe3O4 and OMWCNTs, respectively. It was found that
isothermic data and the adsorption kinetics achieved for all the adsorption sets were
best fit to Langmuirmodels, and pseudo-second-order, respectively. Furthermore, the
endothermic process of adsorption was observed for DQ herbicide adsorption on the
CNT based nanocomposite. Thus, this research indicated that CNTs with magnetic
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and non-magnetic characteristics could be a promising tool for DQ adsorption from
water (Duman et al. 2019).

For extraction and removal of cobalt (II) from aqueous solution, a novel adsorbent
was fabricated using MWCNTs and γ-alumina. These new nanoscale adsorbents
were characterized usingTEM, SEM, and FTIR analysis. A second-order polynomial
model was suggested via the response surface methodology (RSM). The results
obtained for the two adsorbents were ρ-value < 0.0001 and R2 of 0.9992 for the
γ-alumina adsorbents and for MWCNTs ρ-value < 0.0001 and R2 of 0.9980. For the
removal of Co(II), the maximum removal efficiency was 90%, whenMWCNTs were
used as adsorbent under the optimized conditions (pH = 10, MWCNTs dosage =
1.57 mg/L, contact time= 38.6 min, and initial Co(II) concentration= 56.57 mg/L).
Furthermore, 93% of Co(II) removal was achieved when γ-alumina was used as
adsorbent under optimized conditions (pH = 10, γ-alumina dosage = 1.63 g/L,
contact time = 35.5 min, and initial Co(II) concentration = 52.15 mg/L). Pseudo
second-order kinetics as per the McKay and Ho’s kinetic model approach was best
fitted to the experimental results obtained for both the adsorbents. Thus, such CNMs
adsorbents are approachable for future remediation methods (Dehghani et al. 2020).

2.3.2 Sensors

The tunable electronic properties of CNTswelcome their use in environmental reme-
diation as sensors. Themultifunctional aspects offered fromCNTs, including tremen-
dous chemical and physical properties with the remarkable surface to volume ratios,
make it more desirable. An electrochemical sensor for quantification of pollutants
including, catechol (CC), hydroquinone (HQ), and resorcinol (RC) from water and
other sources. In this report, the glassy carbon electrode (GC) was used for the very
first time as a receptor for di-hydroxybenzene isomers. For fabricating the sensor,
the GC electrode was modified with successive layers of poly-hydroquinone (PHQ),
MWCNTs, and benzo-12-crown-4 carbon electrode, and thus, GC/CNT/PHQ/CE
was obtained. The sensor was based on the host–guest theory. The fabricated layered
sensor was able to determine the isomers simultaneously successfully, RC, HQ, and
CC in the concentration ranges varying between 0.05–100 μM, 0.03–100 μM, and
0.01–100 μMwith low detection limits of 0.427, 0.156, and 0.118 nM, respectively.
The result obtained showed that the sensor demonstrated a high-electro-catalytic
activity. This made the fabricated sensor a better option for faster and efficient
determination of pollutants in water bodies (Atta et al. 2020).

In another report, for the assessment of toxicity of water pollutants, a highly sensi-
tive andminiature cell-based electrochemical sensorwas fabricated. In this biosensor,
for biological recognition, human hepatoma (HepG2) cells were utilized to deter-
mine the changes in the electrochemical signals and to check the cell viability. The
building of the graphene oxide quantum dots/carboxylated CNTs hybrid biosensor
was achieved through green means. The sensor was efficiently used to examine the
toxicity of six main water pollutants, namely Hg, Pd, 2,4,6-tricholorphenol, Cd,
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Fig. 2.4 Electrochemical biosensor and MTT assay detected cytotoxicity of Cd, Hg, Pb, 2,4-DNP,
2,4,6-TCP, and PCP on HepG2 cells. Reproduced with permission from Zhu et al. (2017) Copyright
2017 Elsevier

pentachlorophenol, and 4-dinitrophenol (Fig. 2.4). The efficient sensitivity of the
electrochemical sensor was evaluated based on the 24 h IC50 values, which were
much lower as compared to the conventional MTT assays. The sensor was found to
be very sensitive for the detection of phenols and heavy metals (Zhu et al. 2017).

For the successful determination of clomazone, pesticides in water samples were
fabricated using MWCNTs supported with Pt via, differential pulse voltammetry
(DPSV). The determination of clomazone was done in 0.1 M phosphate buffer solu-
tion in the concentration range of 0.61–20.56 ng cm−3 at pH 7. The limit of quan-
tification (LOQ) and limit of detection (LOD) values, 0.61 and 0.38, respectively,
which were in the same range with HPLC/DAD usedmainly for comparative studies.
HRTEM data revealed that Pt nanoparticles were evenly decorated on the MWCNT,
and also Pt NPs were the main source of the required changes in the structural and
electronic properties. As per the Raman spectroscopy analysis, there were struc-
tural defects present in the fabricated sensor material, which lead to a better sensing
response (Ran -delović et al. 2019).

2.4 Carbon Nanofibers

Carbon nanofibers (CNFs) are a known class of CNMs. CNFs are carbon filaments
whose diameter lies within the nanoscale range. They have several quotable prop-
erties, such as high surface to volume ratios, high-graphitic character, hydrophobic,
easy to functionalized outstanding chemical and mechanical stability, and brilliant
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electronic properties. CNFs are prepared through two methods, electrospinning, and
chemical vapor deposition (CVD), respectively (Singh et al. 2020a, 2014a, 2016;
Modi et al. 2016; Singh and Verma 2015a,2015b; Miao et al. 2010; Jong and Geus
2000). The aforementioned properties of the CNFs have made them very popular in
the field of research on wastewater treatment.

2.4.1 Adsorbents

In a study performed for the removal of Cu(II) ions from wastewater, magnetic
tubular carbon nanofibers (MTCNFs) were used as adsorbent. Hypercrosslinked α,
ά-dichloro-p-xylene, was used for synthesizing this novel green adsorbent. The char-
acterization of the adsorbent revealed that it had a surface area of 280.94 m2/g, inner
and outer surface areas were 25 and 110 nm, respectively. Also, for the fabricated
MTCNFs, the saturationmagnetizationwas 10.65 emu/g. The batchmethodwas used
to study the adsorption properties of the adsorbent. The highest removal efficiency
of Cu(II) ions was observed to be 99.9 ± 0.1% in comparatively short contact time
= 10 min, and at smaller adsorbent dosing of 0.5 g/L at pH = 6. The kinetic studies
revealed that pseudo-first-order kinetics was found more suitable than the pseudo-
second-order kinetic model. Isothermal studies revealed that Langmuir isotherms are
best suited than the Freundlich isothermic model, evident with the highest adsorption
value of Cu(II) to be 375.93 mg/g. the adsorbent showed endothermic thermody-
namics, and also it was gathered that the adsorption was spontaneous (Ahmad et al.
2020).

In another report, an activated electrospun carbon nanofiber (A-ECNFs) was
prepared through the electrospinning technique for the adsorption of methylene blue
(MB) and congo red (CR) dyes. The adsorption pattern was investigated for pris-
tine ECNFs and the new A-ECNFs for both the dyes in the aqueous solution. The
A-ECNFs was having a higher surface area of 1615 m2/g with micro/mesoporous
structures. The characterization of the A-ECNFs and pristine ECNFs was done
using various characterization techniques, including SEM, TEM, FTIR, raman spec-
troscopy, XRD, and PSA. The adsorption performance was allied with the surface
properties including, surface area, surface charge and porosity, and also with the pH
and temperature of the medium and nature of the dyes. Redlich-Peterson isotherm
model was found to best fit out of the six non-linear isotherm models applied to
study the adsorption behavior. Elovich kinetic model suited with the kinetic results
of A-ECNFs adsorbent for CR and MB, whereas the pseudo-second-order kinetic
model was for pristine ECNFs. The adsorbents were found to be reusable, thus are
a significant adsorbent (Thamer et al. 2019).

The role of CNFs has been found evident from a number of works of literature.
In recent work, polyimide (PI)-based carbon nanofibers (CNFs) were fabricated
via electrospinning method of polyamic acids as an adsorbent for the removal of
methylene blue (MB), 2,4-dicholrophenol (2,4-DCP), and tetracycline (TC) dyes
from water sources. The fabricated PI-CNFs was having a high-specific surface
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Fig. 2.5 Schemtatic of adsorption mechanism of 2,4-DCP, TC, and MB on CNFs. Reproduced
with permrission from Zhang et al. (2018). Copyright 2018 Elsevier

area of 715.89 m2/g, and showed maximum adsorption of 272.48, 4–483.09, and
146.63mg/g forMB, 2,4-DCP and Tc, respectively. It was found that adsorption effi-
ciency of MB was highly dependent on pH 11, whereas the other two dyes, 2,4-DCP
and TC showed an efficient performance with the fabricated CNFs, within a wide
pH range of 3–7 and 4–7, respectively. Langmuir isotherm and pseudo-second-order
kineticmodelwere found to best fitwith the isothermandkinetic experiments, respec-
tively. Also, thermodynamics of the experiment were spontaneous and endothermic.
Thus, these CNFs can be employed for future aspects of environmental remediation
(Zhang et al. 2018). Figure 2.5 shows the adsorption mechanism 2,4-DCP, TC, and
MB on CNFs.

2.4.2 Sensors

CNFs offers a great electronic platform because of the easy electron flow and π-
π interactions, H-bonding, etc. This section of the book chapter demonstrates the
electronic part of the CNFs as sensors for wastewater treatment. In a report, a cerium
oxide catalyzed 1-DCNFs based sensorwas prepared for thewastewater remediation.
The Ce-CNFs were fabricated via chemical vapor deposition (CVD)method, and the
sensor was found to be selective and sensitive for the determination of heavy metal
ions Pb(II) and Cu(II). Acetylene was used as the carbon source, and cerium oxide
was used as a catalyst. For binding of the composite, polymethyl vinyl ether-alt-
maleic anhydride (PMMVEA) was used. Three electrode assembly was used for
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the electrochemical analysis, out of which the glassy carbon electrode modified
with the Ce-CNFs was used as the working electrode. This assembly was used for
simultaneous and selective detection of Cu(II) and Pb(II) using the differential pulse
voltammetry (DPV) and cyclic voltammetry (CV). The LOD was calculated to be
0.3 ppb and 0.6 ppb, respectively, and showed a linear behavior. The fabricated sensor
can thus be used for real water samples (Singh et al. 2019b).

For the detection of polyphenols in water samples, polyaniline-encapsulated
carbon/copper composite nanofibers (PANI/CuCNFs) were prepared by an efficient
and simplemethod. ThePANI/CuCNFswere then pasted over the laccase (Lac) based
biosensor for detecting the polyphenol pollutants. The morphological characteristics
were studied through a number of techniques, including SEM, TEM, XRD, and
FTIR. The electrochemical behavior of the prepared biosensor was studied through
chronoamperometry, cyclic voltammetry (CV), electrochemical impedance spec-
troscopy (EIS). The analysis revealed that the Lac-based biosensor was high sensi-
tivity (41.65 μAmM−1), a more extensive linear range from 500 nM to 110 μM, a
low-detection limit (0.24μM).Hydroquinone detectionwas successfully approached
through the synthesized biosensor leading to efficient detection of pollutants in river
water (Fu et al. 2018).

In another work, a nanocomposite of ionic liquid 1-ethyl-3methylimidazolium
bis (trifluoromethylsulfonyl) imide (EMIM][NTf2], bismuth particles and carbon
nanofibers modified carbon paste (BiPs-CNFs/[EMIM][NTf2]/CPE) based sensor
for the detection Pb+2 and Cd+2 M(II) in water samples. The sensor possed a high-
surface area and decent electrical conductivity, and due to these characteristics, the
fabricated sensor exhibited tremendous electroanalytical performances toward the
determination of heavy metal ions. The LOD values for the Pb+2 and Cd+2 M(II)
under optimal conditions were 0.12 and 0.25 μg L−1, respectively. It was found that
even in the presence of interfering ions, the sensor showed appreciable reproducibility
and repeatability (Oularbi et al. 2020). Few more sensor studies were perfomed on
CVD grown CNFs for determination of biomolecules (Shrivastava et al 2020).

2.5 Conclusion and Future Perspective

The problem of water pollution and wastewater treatment has become one of the
major concerns of everybody and every section, including researchers, industrial-
ists, policymakers, and the public, both at national and international levels. The
proper treatment of wastewater before disposal from the industries has become a top
priority all around the globe. The demand for cleaner and safer water resources is
rising every day and is the biggest challenge the whole world is currently facing.
The removal of pollutants that is toxic and sometimes can cause hazardous health
issues has become one of the greatest demand for the researchers and industrial-
ists. Adsorption is a well-established methodology for the removal of pollutants
from wastewater. Also, electrochemical sensing is a boon technology in the field
of wastewater treatment. For the measurement of the adsorption of the pollutants,
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various methodologies have been employed for such as kinetics and thermodynamic
behavior of the adsorbent along with isotherm models. Also, for calculating the
capacity of the sensor composite, various electrochemical methodologies are there,
including cyclic voltammetry, differential pulse voltammetry, and other.

In recent times, a number of composites based on CNMs has been employed
for the removal of the hazardous organic and inorganic pollutants. CNMs, including
graphene and its derivative, CNTs andCNMs, fullerenes, nanodiamonds, have drawn
extensive attention for the elimination of pollutants from the wastewater, due to their
extraordinary surface and electronic properties. This book chapter has summarized
the advancements in nanotechnology and carbonnanomaterials in thefield ofwastew-
ater treatments. CNMs due to their adjustable physiochemical properties have been
exploited smartly for trapping and eliminating a wide class of pollutants such as
pesticides, PAHs, pharmaceutical wastes, heavy metals, and dyes. Modification in
the CNMs that existed in the past had led to easier and feasible material availability,
and modification to the current existing CNMs can turn them into a tycoon in the
coming future. CNMs have proven their potency from the laboratory to the field,
and thus, it can be said definitely that they will lead the race of wastewater treatment
composites.
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Chapter 3
Titanium Oxide Composites
with Graphene and Laser-Induced
Graphene for the Environmental
Applications

Ashish Kumar, Simant Kumar Srivastav, Kamlesh Kumar Singh,
and Swatantra P. Singh

Abstract Carbon-based nanomaterials have strongly impacted the field of nanotech-
nology due to its physical, electronic, and chemical properties. Amongst various
carbon-based nanomaterials, graphene-based nanocomposite materials are gaining
the attention of researchers globally as novel materials for biomedical, energy, elec-
tronic, and environmental applications. Graphene has unique physico-chemical prop-
erties, especially its exceptionally high-specific surface area, mechanical strength,
electron mobility, and thermal conductivity. However, conventional methods such as
micromechanical exfoliation,Hummersmethod, CVDetc. for graphene synthesis are
tedious and multi-step processes, particularly when we are fabricating surfaces such
as electrodes. Laser-induced graphene (LIG) is recently developed single-step facile
method incorporates direct laser print graphene on any carbonaceous material by
using 10.6 μm CO2 infrared laser. However, graphene itself contains low-catalytic
properties which generate demand for heteroatom doping, for instance, titanium
oxide TiOx (i.e. TiO2 as a photocatalyst andMagnéli phases TinOn-1 as an electrocat-
alyst) are considered as a noble catalyst for environmental applicationwhose catalysis
reaction results in some environmental friendly by-products such as CO2 and H2O
in most of the cases. The incorporation of TiOx with graphene enhances the catal-
ysis reaction as this composite cause the working of TiO2 more efficiently in solar
light and provides a free pathway for electron movement enhancing the electrocat-
alytic property of Magnéli phase-graphene composite. The current chapter includes
the basic introduction of graphene as carbon-based nanomaterials, advantages, and
disadvantages of its synthesis by conventional methods and the latest method by
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laser. Additionally, this chapter provides an insight of TiOx doping in graphene and
its effect on electrochemical and photochemical catalytic performances.

Keywords Carbon-based nanomaterials · Graphene · Laser-induced graphene ·
Infrared laser · Photothermal conversion · Magnéli phases · Organic dye
degradation · Antimicrobial · Electrocatalyst

3.1 Introduction

Growing world’s population, intensified development in industrial and agricul-
tural activities; environmental issues such as contamination of air, soil and aquatic
ecosystem and climate change are nowadays becoming a prime concern all over
the globe. These issues have acquired scientific attention to study human impact
on environment and develops the need of new mitigation measures and technolo-
gies. Nanotechnology has triggered augmented interest due to its unique physical
and chemical properties (high surface to volume ratio, higher reactivity, etc.) for
multiple environmental applications, such as energy production, water treatment and
contaminant sensing (Perreault et al. 2015a, 2015b). Also, nanomaterials in various
fashion can be used to promote environmental sustainability by using natural energy
source such as solar light for TiO2 photocatalysis and resulting green by-products
(Zhang et al. 2010). Synthesis, design, and time-wise modification of nanomaterials
lead to the enhancement of their application as well as widening their range to a
different sector of the environment-related domain (Perreault et al. 2015a, 2015b).
These wide varieties of application can be as semiconductor catalyst (CT) for the
degradation of aromatic pollutants such as phenol or catechol (Dong et al. 2014);
photocatalysts for the degradation of many hazardous pollutants including organic
dyes from wastewater (Leary and Westwood 2011); metal based nanoparticles for
degradation or organic contaminants (Singh et al. 2013; Singh and Bose 2015, 2016,
2017); absorbent such as graphene for many harmful contaminants from the water
(Al-Khateeb et al. 2014); as an antibacterial and antifouling surfaces (Singh et al.
2018a, 2018b; Gupta et al. 2019); can act as a substrate for any other catalyst (Dong
et al. 2014); having some novel semiconductor property, it can be made into a sensor
device to sense harmful pollutants out of our edibles and drinkable items (Perreault
et al. 2015a, 2015b; Thamaraiselvan et al. 2020) etc.

Graphene, a carbon-based nanomaterial (CBNs) having two-dimensional layer
(single atom thickness) of sp2 hybridised carbon atom arranged in a hexagonal crys-
talline structure (Zhao et al. 2012) as shown inFig. 3.1.Graphene has got a lot of atten-
tion due to its excellent physico-chemical properties, for instance, the extremely high-
surface area, high electron and thermal mobility, and exceptionally high-mechanical
strength (Zhao et al. 2012). These extraordinary properties of graphene triggered a
huge interest in energy storage and environmental pollution remediation application
(Perreault et al. 2015a, 2015b). Graphene and graphene-based nanocomposites are
being used to develop new sorbents, electrocatalytic or photocatalytic materials for
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Fig. 3.1 Hybridization state of carbon-based nanomaterials (Mauter and Elimelech 2008).
Copyright © 2008, American Chemical Society

the environment decontamination such as bacterial inactivation, organic dye degra-
dation, prevention from biofouling, etc. (Yin et al. 2017; Wu et al. 2013). Graphene
could be a building blocks for the next generation membranes for water treatment
and as electrode materials for contaminants surveillance and removal (Perreault et al.
2015a, 2015b). Nonetheless, for practical applications of graphene and graphene-
basedmaterials, there should be a trade-off between quantity and quality of graphene.
However, conventional methods of graphene synthesis such as chemical exfoliation
of graphite by Hummers, Staudemaier and Brodie methods, chemical vapour depo-
sition (CVD), epitaxial growth, etc. are very tedious, costly (Singh et al. 2017)
and produces graphene with a high density of defects which results in a consid-
erable reduction of exceptional properties of graphene and also hinder its scalable
production.

Recently, a one-step facile and scalable approach to form and pattern 3D porous
graphene on a carbonaceous surface is developed by using a commercial CO2 infrared
laser scriber (Lin et al. 2014). The graphene by this one-step process is called
laser-induced graphene (LIG), which proved to be an advantage over conventionally
synthesised graphene surfaces (Lin et al. 2014). The properties and application of
LIGandLIGbased nanocomposites and its comparisonwith conventionally available
graphene, i.e. graphene oxide (GO) and reduced graphene oxide (rGO) are discussed
in this chapter. Also, despite having such noble properties, graphene alone itself
does not pose good catalytic properties which can be used for contaminants degra-
dation (Huang et al. 2013). Hence, graphene most of the times incorporated with a
different heteroatom, which can greatly enhance its electrochemical and photochem-
ical properties. The focus of this chapter is to provide basic information of graphene,
advantages, and disadvantages of its synthesis by conventional methods and the latest
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method by laser, the effect on electrochemical and photochemical catalytic perfor-
mances of graphene when doped with titanium oxide (i.e. TiO2 and Magnéli phases
TinOn-1) also been discussed.

3.2 Carbon-Based Nanomaterials

Recent developments in the field of nanotechnology are inspired by the tunable phys-
ical, chemical, and electronic properties of carbon-based nanomaterials (CBNs) to
develop innovative solution to persistent environmental challenges. In the biomed-
ical field, CBNs and their functionally derive nanocomposites are already being
explored to optimize “the fate and transport of drugs through dense tissues” particu-
larly targeted cancerous cells and make use of functionalized nanotubes as synthetic
transmembrane pore (Mauter and Elimelech 2008). Analogously, some environ-
mental application including engineered removal of hazardous pollutants and novel
water filtration membranes structure can be employed (Smith and Rodrigues 2015;
Chowdhury et al. 2018). Carbon-based nanotechnologies have leading application
in the fields of sorption, depth filtration, environmental sensing devices, high-
flux membranes separation, pathogens control, renewable energy production, etc.
(Brady-Estévez et al. 2008; Weber et al. 1991; McGinnis et al. 2007).

Carbon’s structural conformation and its hybridisation state strongly influence
the physical, chemical, and electronic properties of carbon-based nanomaterials.
Ground-state’s orbital configuration of carbon’s electrons is 1s2, 2s2, 2p2. The fine
energy gap between the 2 s and 2p electron layers facilitates the endorsement of
one’s orbital electron to its higher energy orbital p, which is empty in the ground
state. According to the bonding relationships with neighbouring atoms of a carbon
atom, carbon shows sp, sp2, or sp3 hybridization. Also, the energy obtained from the
covalent bond with neighbouring atoms fulfils the requirement for the higher energy
state of this electronic configuration (Shenderova et al. 2002). This compensated
energy is almost equal for sp2 and sp3 hybridization states after taking into account
the off-plane binding due to the π-bonds between unhybridized p orbitals (Mauter
and Elimelech 2008). Figure 3.1 shows different hybridizations of CBNs.

3.2.1 Unique Properties of Carbon-Based Nanomaterials

Properties of carbonaceous nanomaterials (both single-molecule and bulk proper-
ties) are broadly classified into three classes which are usually cited in environ-
mental application as size, shape and surface area; molecular interaction and sorption
properties; and electronic, optical and thermal properties.
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3.2.1.1 Size, Shape and Surface Area

For carbonaceous nanomaterials, molecular manipulation has a greater influence
over the structure and conformity, including size, length, chirality, and the number of
layers in the material. Variation in synthesis technique of these CBNs, temperature,
catalyst, pressure, electron field and process gases can alter the structure, purity, and
physical orientation of nanomaterials for specific applications (Bandow et al. 1998).
For example, the diameter of single-walled nanotubes (SWNT) is strongly linked to
synthesis technique,with high-pressure carbonmonoxide (HiPCO) synthesis capable
of producing nanotubes between 0.7 and 1 nm. Alternatively, laser ablation and other
graphitic basedmethods yield slightly larger nanotubes nearly of the range of 1–2 nm
(Sun et al. 2002). The size, shape, and surface area of carbon nanomaterials are highly
reliant on aggregation and solvent chemistry. Additionally, impurities such as vapour,
biomolecules, and metals that adsorb over the surface of nanomaterials may basi-
cally alter the aggregation behaviour, electric and thermal characteristics, mechanical
strength, and physico-chemical properties of the nanomaterials (Chowdhury et al.
2018).

3.2.1.2 Molecular Interaction and Sorption Properties

Explanation of molecular interaction and sorption properties for CBNs is a combined
effort of many theories and experiments (Mauter and Elimelech 2008). CBNs are
normally consistent with traditional physico-chemical models and theories such as
electrostatics (Keblinski et al. 2002), hydrophobicity (Furmaniak et al. 2006), adsorp-
tion (Walther et al. 2004) and solubility parameters (Ham et al. 2005). It was found by
a study that both hydrophobicity and capillarity of CBNs contribute to the adsorption
behaviour as well as the orientation of sorbates in microporous carbon. For envi-
ronmental purposes, adsorption capacity plays an important role in contamination
removal and hydrogen storage (Mauter and Elimelech 2008).

3.2.1.3 Electronic, Optical and Thermal Properties

The bonding configuration of different CBNs like fullerenes and nanotubes offers
unique electronic properties to it. These properties can contribute to the field of
the environmental sensing device, power generation, photo-oxidation of organics,
electrocatalysis etc. (Franklin 2015; Kamat et al. 2004). Materials like fullerenes
have strong absorption band for both UV and visible ranges, which are attributed to
the electronic transition from HOMO to LUMO orbital (i.e. from highest occupied
molecular orbital to lowest unoccupied molecular orbital) (Mauter and Elimelech
2008). The radiation emission produced by these substances are capable of produces
a variety of reactive oxygen species-like nascent oxygen, superoxide radical anions
and hydroxyl radicals in aqueous media, which tends to oxidize many environmental
contaminants (Lee et al. 2007).
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Unique hybridization properties of carbon and sensitivity of carbon structure
to any change in synthesis condition allow for any tailored manipulation to the
degree that is not yet been shown with the inorganic nanostructures. In conclusion,
environmental application of CBNs is both proactive and retroactive (Mauter and
Elimelech 2008), meaning that it can works ranges from preventive measures for
environmental contaminants degradation, optimizing energy efficiency, etc. to the
remedial measures like pollutants transformation, wastewater recycling, etc.).

3.3 Graphene

Graphene is a two-dimensional (single-atom thickness) carbon-based nanomaterials
having sp2 hybridized carbon atoms arranged in a hexagonal manner. It is found
to be a building block of graphite, where multiple graphene sheets are attached
by π-staking (out-of-plane bond) to hold the graphite lamellar strongly in place

having an interlayer spacing of 3.34Ǻ (Park et al. 2011) between the graphene sheets.
Graphene has some unique properties such as exceptionally high-specific surface
area (theoretically 2630 m2g−1) (Rao et al. 2004); high-electrical conductivity (2 ×
105 cm2V−1 s−1) (Zhu et al. 2010); high-thermal conductivity (~5000 Wm−1 K−1)
(Zhao et al. 2012); and very high-mechanical strength (Young’s modulus ~ 1.1 TPa)
(Perreault et al. 2015a, 2015b). Graphene was initially demonstrated in a study done
by Geim and Novoselov (2007) where, micromechanical exfoliation of graphite was
performed by just performing a sequential cleavage of graphite to graphene using
adhesive as can be clearly shown in Fig. 3.2.

Fig. 3.2 Micromechanical exfoliation of graphite to graphene by adhesive tape. Adopted and
modified from Dasari et al. (2017)
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3.3.1 Conventional Synthesis Methods of Graphene

Micromechanical exfoliation is a labour-intensive process and cannot be used for
scale-up production of graphene (Zhao et al. 2012). However, to get the various
application of graphene to remain intact, there is a need to synthesise graphene-
based nanomaterials with controlled size, morphology, and thickness. So, the devel-
opment of effective synthesis approach is of prime importance. Figure 3.3 shows
two-conventional strategies generally followed to synthesize graphene, i.e. top-down
approaches, and bottom-up approaches (Perreault et al. 2015a, 2015b; Zhao et al.
2012).

3.3.1.1 Top-Down Approach

Top-down approaches involve chemical exfoliation followed by ultrasonication of
graphitic material to graphene by using some organic solvents. Graphitic materials
mostly used for this purpose are 0D fullerenes, 3D graphite, and 1D nanotubes which
act as a carbon source for graphene synthesis (Zhao et al. 2012). The most common
top-down approaches used is by the mechanical exfoliation by adhesive tape as
already discussed above; and oxidative or chemical exfoliation of graphite which
can be achieved by famous three methods named as Hummers method, Staudemaier
method and Brodie’s methods which differs only in term of chemicals used for
oxidation of graphite block as shown in Table 3.1 (Zhao et al. 2012; Li et al. 2015;
Zhu et al. 2010).

Graphene 
synthesis

Top down

Mechanical 
exfoliation

Adhesive 
tape

Chemical 
exfoliation

Hummer's 
method

Brodie's 
method

Staudemaier's 
method

Sonication

Bottom up

Epitaxial 
growth CVD

Plasma 

Thermal

Fig. 3.3 Conventional strategies generally followed to synthesize graphene, i.e. top-down
approaches, and bottom-up approaches. Adopted and modified from Zhao et al. (2012)
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Table 3.1 Different methods
for chemical exfoliation.
Aadopted from Zhao et al.
2012; Li et al. 2015; Zhu
et al. 2010

Methods for chemical
exfoliation

Chemicals used for oxidation

Hummer’s method Conc. H2SO4, KMnO4 and
NaNO3

Brodie’s method Conc. H2SO4, KClO3 and Conc.
nitric acid

Staudenmaier’s method Conc. H2SO4, KMnO4 and
fuming nitric acid

Modified Hummer’s
method

Conc. H2SO4, KMnO4 and
H3PO4

Chemical exfoliation involves two steps; First to reduce interlayer van der Waals
forces in graphite, which can be achieved through oxidation of graphite by strong
oxidising agents such as KMnO4 and NaNO3 in H2SO4 used in Hummer’s method

(Li et al. 2015). This will increase the interlayer distance to nearly 9.5Ǻ (Bhuyan
et al. 2016). This step of oxidising graphitic material yields in graphite oxide, which
is then, followed by sonication resulting in the exfoliation of single or multilayer
graphene called graphene oxide (GO). GO have numerous oxygen functional group
in its structure, making it more hydrophilic (Lee et al. 2013). However, this oxygen
functional group is treated as defects in the structure of GO (Lee et al. 2013). These
defects can be removed by reduction ofGO through chemical reducing agents, photo-
reduction, thermal annealing, or hydrogen plasma treatment yield another modified
graphene which is known to be as reduced graphene oxide (rGO). Table 3.2 shows
properties comparison of pristine graphene GO and rGO.

Table 3.2 Comparison of structure andmajor properties of graphene-based nanomaterials (adopted
and 2015a, 2015b modified from Perreault et al.)

Properties Pristine graphene Graphene oxide Reduced graphene oxide

C:O ratio No oxygen 2–4 8–246

Young’s modulus
(TPa)

1.1 0.2 0.25

Electron mobility
(cm2v−1 s−1)

10,000–50,000 insulator 0.05–200

Production cost High Low Low

Defects present Negligible Exceptionally large in
number

Comparatively less
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Many other methods are also available which comes under top-down approach
such as ultrasonication of graphitic material to GO; exfoliation of graphitic oxide
by laser excitation to get rGO; unzipping of carbon nanotubes (CNTs) by using an
acid reaction to synthesise carbon nanoribbons, plasma treatment and other catalytic
approaches, etc. (Perreault et al. 2015a, 2015b). However, methods involved in top-
down approach have various disadvantages for instance involvement of hazardous
and toxic chemicals (i.e. potassium permanganate, sulfuric acid and NaNO3) in the
synthesis process; the as-prepared graphene structure contains a large number of
defects; which limits the use of graphene in many fields (Zhao et al. 2012).

3.3.1.2 Bottom-Up Approaches

Unlike the top-down approach, which starts from graphitic material to produce
graphene, the bottom-up approach starts from a small organicmolecular level to form
graphene. In the bottom-up approach, deposition of hydrocarbons to form graphene
or graphitic materials can be a catalyst by metal surfaces through epitaxial growth
or chemical vapour deposition:

Chemical Vapour Deposition (CVD)
In CVD methods, the precursor hydrocarbon gases such as methane, ethylene,
acetylene, and benzene pass over a heated transition metal substrate in a close
chamber. Metal surface involved can be Cu, Pd, Ru, Ir, etc. (Zhao et al. 2012). The
diffused hydrocarbon gas adsorbs on the metal surface, after which metal helps
separation of carbon and hydrogen from the methane, followed by the desorption
of by-product from the surface, as a result of which carbon starts building up on
the metal substrate as a hexagonal graphene layer (Ago 2015). Lastly, the etching
ofmetal occurs leaving a high-quality graphene sheet. Figure 3.4 showsCVDwith
methane as a precursor, Cu as a metal surface at the furnace temp of 900–1080 ºC
(Gu et al. 2014).
Epitaxial Growth

Fig. 3.4 Production of graphene byCVDon themetal surfacewithmethane as a precursor. Adopted
and modified from Ago (2015)
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Fig. 3.5 Epitaxial deposition of SiC wafer occur on SiC substrate. Adopted and modified from
Soler and Manuel (2014)

Thismethod employs deposition of a nano-crystal filmon a nano-crystal substrate,
and this film is known as the epitaxial layer. Epitaxy comes from the Greek
word, which is a combination of two words, Epi means “above”, and taxismeans
deposition in an ordered manner (Bhuyan et al. 2016). In this method, epitaxial
deposition of SiC wafer occurs on SiC substrate, followed by the desorption of
Si atoms from the surface resulting in the formation of graphene on SiC surface
as shown in Fig. 3.5 (Soler and Manuel 2014).

Bottom-up approach has an advantage over the top-down approach as high-quality
graphene can be produced by this approach at an industrial level.

3.3.2 Laser-Induced Graphene

Despite having the tremendous application of graphene, their conventional methods
of synthesis have many limitations as listed below:

• High-temperature conditions are required,whichdamages the structure by altering
the morphology of the substance. Due to this defect are produced in the structure
leading to changes in unique properties of graphene.

• Top-down approaches are multi-stepped chemical synthesis process which
requires high skilled supervision. (Lin et al. 2014)

• Use of excessive and hazardous chemicals are required, which ultimately adds
up in the environment generating extra cost expenses for remediation of these
chemicals. (Rathinam et al. 2017)

• The processes are proven to be good for graphene at a small-scale preparation
but lack proficiency in large-scale production due to change in morphology and
lesser bulk availability.
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• Production of 3D porous graphene byCVDcan be achieved, but high temperature,
continuous dying and etching can hinder its scalable production. (Han et al. 2018)

Due to all these limitations in conventional methods for graphene synthesis, laser-
inducedgraphene (LIG) provides a facile one-step approach to directly print graphene
on any carbonaceous substrate by using easily available CO2 infrared laser without
involving any reagent in the LIG formation. The formation of the graphene layer by
using laser can be well-understood by knowing the basic functioning of the laser and
the burning processes.

3.3.2.1 Laser

The term “laser” itself is an acronym for light amplification by stimulated emission
of radiation. A laser is a device that emits intense beams of monochromatic and
coherent light which is highly directional in nature. This beam is most often having a
very pure wavelength and frequency when compared with the other sources of light
(Allmen and Blatter 1995). A laser beam typically has negligible divergence, which
makes it able to travel over a great distance maintaining high intensity (Julsgaard
et al. 2007). Its beam can be focussed on a very tiny spot having brightness that can
even exceed the brightness of the sun (Strickland et al. 2001). With these properties,
the laser is used for an overly broad range of application, for instance, it is being used
for drilling holes in metal and can be used for medical purpose-like laser treatment of
eye retina (Allmen and Blatter 1995). Apart from these, the laser has a lot of medical,
industrial, scientific, andmilitary applications. Figure 3.6 shows a schematic of basic
laser assembly having fully and partly reflecting mirror arranged at the two ends of
chamber serving as a laser medium that can be gas, liquid, solid, etc.,

Fig. 3.6 Schematic diagram of basic laser. Adopted and modified from Drever et al. (1983)
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Laser Burning

Laser mechanism depends on various factors like the wavelength of the laser used for
the purpose, laser output power, spot size of the beam and the properties of burning
material (Julsgaard et al. 2007). The mechanism behind laser burning is basically to
displace atoms of burning materials permanently from its former position (Dubey
and Yadava 2008). The laser shoots photons which when hit the atom of burning
material, their electrons get excited. If these electrons get excited enough, they will
have enough energy to dissociate from the parent atoms (Sellin et al. 2001). This
makes individual atoms disassociate with whatever atom they were bonded to. Some
atoms, like the one directly hit by the laser beam, goes to vapour and float away. All
this atom displaced wanted to go in lower energy state, they likely go outside the
range of the spot of laser resulting burning of the material. Wavelength has a very
important role in laser burning as the burning ability is directly related to the energy
of the laser beam which is inversely proportional to the wavelength of light as can
see by equation E = hc

λ
(Julsgaard et al. 2007).

If one does a series of laser burning operation on a material creating a line of
overlapping holes, it can be thought of as laser cutting. Laser cutting/burning is
basically done with the help of a jet of air, oxygen, or dry nitrogen. Purpose of this
jet is different for metal and non-metal surfaces, like for metal surface, laser beam
heats the surface sufficient enough so as to cause the oxygen from the jet passes over
it start burning and combustion process causing cutting/burning the surface can be
started (Sellin et al. 2001). On the other hand, for non-metal surfaces, the role of the
jet is only to blow away the debris from the cutting zone to improve the quality of
the cut (Sellin et al. 2001). Carbon dioxide laser is most used for the purpose of laser
cutting/burning applications. Solid woods, MDF and plywood, acrylic, cardboard,
paper/cardstock, foam (Polymer types), cork, organic fabric/polyester, rubber, thin
metals like stainless steel, etc. are some materials which are compatible with CO2

laser cutting (Dubey and Yadava 2008; Snakenborg et al. 2004; Davim et al. 2008).

CO2 Gas Laser

Lasers are broadly classified into four types based on the lasing medium during
its lasing mechanism such as solid-state laser, gas laser, liquid laser, semiconductor
laser. However, fabrication of LIG is done by gas laser, especially CO2 laser in which
an electric current is discharged inside the laser medium through a gas (CO2 in our
case) to produce laser light. It works on the principle of converting electrical energy
into light energy. In gas lasers, the laser medium is a gaseous state which is made
up of a mixture of gases. This mixture is packed up into a glass tube which further
acts as an active medium or laser medium. Apart from a CO2 laser, gas lasers are of
different types notably Helium (He)–Neon (Ne) lasers, carbon monoxide lasers (CO
lasers), argon ion lasers, excimer lasers, hydrogen lasers, nitrogen lasers, etc. The
type of gas used to construct the laser medium can determine the laser wavelength
or efficiency (Aldrich 2019).
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3.3.2.2 Formation of Laser-Induced Graphene (LIG)

Initially, LIG was formed by using commercially available polyimide (PI) sheet as
a precursor in which laser scribing was done by using 10.6 μm CO2 infrared laser
under ambient condition (Lin et al. 2014). LIG formation can be well-understood by
a study done by Vashisth et al. (2020), where the evolution of LIG from five different
polymers substrates (polybenzimidazole (PBM), polyether ether ketone (PEEK),
poly (ether imide) (PEI), polycarbonate (PC), and polyimide (Kapton) were exam-
ined using ReaxFF (reactive force field) reactive molecular dynamics simulation.
Their investigation reveals that the LIG formation entails the intermediate formation
of an amorphous structure during the initial 0.2 ns of the simulations that eventually
converted into an ordered graphitic structure with 5-,6-,7- membered rings. Addi-
tionally, the study also reveals that CO and H2 molecules constitutes a key portion of
gases evolved throughout LIG formation with CO formed quickly during the initial
conversion into amorphous structure, whereas H2 evolves gradually throughout the
process of LIG evolving into a more ordered structure.

However, recent studies show LIG formation on different carbon precursor such
as cloth, paper, wood, cork coconut shells, and even on edible items like bread and
potato (Chyan et al. 2018). Figure 3.7 shows LIG on different carbon precursors such
as coconut shell and bread. LIG formation was reported to be better for lignocel-
luloses carbon precursor by just controlling the laser setting and atmosphere of the
system (Chyan et al. 2018). For LIG formation on the wood require inert atmosphere
due to lower lignin content of the wood. On the other hand LIG formation on other
carbon precursor having higher lignin content such as coconut shell, bread, paper,
cloth and potato, multiple lasing using multiple passes or defocus methods is only
require (Chyan et al. 2018). The mechanism suggested behind this conversion to LIG
involves the initial conversion of carbon precursor to amorphous carbon, followed
by final conversion to graphene because of subsequent lasing. LIG made in ambient

Fig. 3.7 LIG formation on carbon precursor say coconut shell and bread due to multiple lasing
(Chyan et al. 2018). Copyright © 2018, American Chemical Society
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Fig. 3.8 Controlled atmosphere chamber for LIG fabrication. Adopted and modified form Li et al.
(2017)

atmospheric condition always produces hydrophilic surfaces. Although surface char-
acteristics can be changed from hydrophilic to hydrophobic by controlling the gas
atmosphere in the chamber, as shown in Fig. 3.8. For example, if Ar or H2 as gas
atmosphere, LIG surface formed will be superhydrophobic (contact angle >150ºC)
and superhydrophilic (contact angle >0 ºC) surface can be achieved by using O2 gas
in a chamber (Li et al. 2017).

Additionally, some recent studies show the formation of LIG based composites or
metal ions doped LIG for enhancement of properties of individual LIG and respective
doping elements. For example in one study (Singh et al. 2018a, 2018b), sulphur
doped porous LIG was made by directly made on polysulfone, poly(ether sulfone)
and polyphenylsulfone; In another study done by Han et al. (2018), metal-doped LIG
was formed by direct laser scribing was done on oven-dried cedar wood soaked in a
polymeric solution containing metal nitrate precursor.

Formerly, LIGhas some limitations such asLIGmade onPIwas difficult to recycle
because PI has excellent thermal, mechanical, and chemical stability hence raising an
environmental concern (Ye et al. 2018). Moreover, the potential use of LIG in some
application was limited by its robustness on the substrate as the LIG showed weak
adherence to the PI substrate (Luong et al. 2019). Although, the recent advancement
in the LIG technology by using different polymer support, better optimisation of
lasing conditions, etc. has successfully conquered these limitations.

3.3.2.3 Large-Scale Production of LIG Surfaces

As compared to conventional methods, scale-up production of LIG surfaces can be
achieved easily maintaining the quality of graphene. Most commonly, there are two
methods for scale-up production of LIG surfaces, i.e. roll-to-roll production, and 3D
printing (Ye et al. 2018). Roll-to-roll production includes LIG formation chamber
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Fig. 3.9 Schematic diagram of both Roll-to-roll production of LIG (a), and of in situ synthesis
of 3D graphene foam (GF) using a simulated 3D printing process (b). Reproduced from Ye et al.
(2018). Copyright © 2018, American Chemical Society

where a static CO2 laser is focused to a line where continuous feeding of Polymer
sheets (for example PI sheet as shown in Fig. 9a) is done by the help of supply roll
which results in continuous formation of 3D LIG film by two-sided laser irradiation.
Whereas 3D printing of LIG briefly involves a 10.6 μm CO2 laser which is used to
heat the mixture of Ni and sucrose as shown in Fig. 9b, in which Ni acts catalyst
that converts sucrose into graphene. The 3D structure can be formed by successively
adding Ni/sucrose layer on already formed LIG and its subsequent conversion to
Ni/graphene by laser irradiation. At last, after etching out Ni, 3D printed LIG is
formed (Ye et al. 2018).
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3.3.3 Environmental Application of Graphene-Based
Nanomaterials

Due to its unique physico-chemical properties such as exceptionally high-surface
area, high electrical and thermal conductivity, and high-mechanical strength,
graphene-basednanomaterials (GBNs) found to be acquired a huge amount of interest
of many researchers. Especially in the field of energy storage application such as
supercapacitors, solar cells and lithium ion batteries (Devrim et al. 2018), and envi-
ronmental related fields such as pollutant adsorption, environmental decontamina-
tion, antibacterial and antibiofouling properties, and environmental sensor electrodes
(Perreaul et al. 2015). All these environmental related fields are discussed below.

3.3.3.1 Adsorption Application for Contaminant Removal

Due to its large specific surface area, graphene-based nanomaterials found to be
a good adsorbent for pollutants such as heavy metal ions, organic pollutants, and
gaseous contaminants socially CO2 (Perreaul et al. 2015). Amongst various forms of
graphene, GO usually used for the adsorption of heavy metal ions (Such as Cd(II),
Pb(II), U(VI), Co(II)) because of having abundant oxygen functional groups such as
epoxide, hydroxyl, carboxyl, and carbonyl on its surface (Ruparelia et al. 2008; Zhao
et al. 2011). These functional groups are expected to form strong complexes with
metal ions. In the case of organic compounds like dyes, hydrocarbons, pesticides,
antibiotics, etc., the interaction mechanism depends on the structural properties, for
instance, dipole–dipole moment, molecular conformation, functional group avail-
ability (Ramesha et al. 2011). A hence different form of graphene, i.e. whether it is
pristine graphene, GO or rGO can have different adsorption capacity even for the
same molecule. Also doping of graphene with the different functional group may
have different mechanism and efficiency of adsorption. In a study (Chandra et al.
2010), Magnetite-rGO (M-RGO) was used for the removal of arsenic (III), and they
reported adsorption capacity of 12–13 mg/g for 0.2 g/lit of M-RGO in water.

3.3.3.2 Pollutants Degradation for Graphene-Based Nanomaterials

Incorporation of photocatalysts such as TiO2, ZnO, CdS etc. with graphene can be
done to achieve photocatalytic degradation of many toxic compounds from the water.
Zero band gap of graphene results in noble electronic properties of graphene, which
helps photocatalysis to happen in apredominantmanner. (Gaoet al. 2012) synthesised
GO-TiO2 hybrid to get the photo-degradation of methyl orange and the results show
that better photo-degradation of methyl orange as compared to suspended TiO2 was
due to electron adsorption and transferring from TiO2 to GO which restricted the
recombination of the electrons in TiO2 up to a large extent.
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3.3.3.3 Graphene for Desalination

Graphene can be applied as a barrier for gaseous and liquid contaminants because
of its impermeable nature. Although having only one atom thickness, graphene is
an impermeable material in its pristine form. The delocalised electron clouds of π

orbitals block the space in the hexagonal rings of graphene, resulting in the blockage
of the passage of the smallest molecular species (Gu et al. 2014). These unique prop-
erties lead to the design of ultrathin water separation membrane based on graphene.
Figure 3.10 shows two strategies mainly used in graphene-based membranes in
membrane filtration process, i.e. nanoporous graphene membranes and membranes
made of stacking GO sheets. In nanoporous graphene, rejection of ions involves
mechanism-like steric effects, electrostatic repulsion, and hydrodynamic interactions
between species and pores (Sint et al. 2008). Whereas in stacked GO membranes,
narrow hydrophobic channels between GO layers formed by unoxidized regions on
GO provides pathway for water flow (Nair et al. 2012). Stacked GO membranes
allows the rejection of both salts and organic molecules maintaining fast water
transport (Joshi et al. 2014).

Fig. 3.10 Schematic representing types of graphene-based membranes. a Nanoporous graphene
membranes. b Membranes made of stacking GO sheets (Perreault et al. 2015a, 2015b). Copyright
© 2015, Royal Society of Chemistry
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3.3.3.4 Graphene-Based Sensors for Environmental Monitoring

Graphene has an exceptionally large surface area and unique electronic properties,
and efforts are continuously made to develop graphene-based sensors to detect envi-
ronmental pollutants, such as heavy metals, toxic gases, and biomolecules. Pristine
graphene, owing to extremely high-charge concentration, high charge carrier, the
extremely high optical transmission factor and the nearly zero band gap energy
(Perreault et al. 2015a, 2015b) makes it attractive nanomaterials for the construction
of electrodes for biological and chemical sensors. Also, very less dependability of
electron mobility of graphene on temperature, making graphene-related materials,
even more, promising for environmental detection applications (Bhuyan et al. 2016).

3.4 Titanium Dioxide (TiO2): A Photocatalyst

Recently, advanced oxidation processes (AOP) were developed in search of low cost
and efficient method to fight the problem of recalcitrant organic compound present
as a pollutant. By using AOPs, degradation of many contaminants like an antibi-
otic, dyes, organic pesticides, polycyclic aromatic hydrocarbon and so forth can
be achieved (Yaparatne et al. 2018; Chong et al. 2010; Singh et al. 2013). Amongst
theseAOPs, heterogeneous photocatalysis employing semiconductor catalysts (TiO2,
ZnO, Fe2O3, CdS, GaP and ZnS) has demonstrated its efficiency in degrading a
wide range of refractory organic micro-pollutants, water pathogens and disinfection
by-product into readily biodegradable compounds, and finally mineralized them to
harmless carbon dioxide and water (Chong et al. 2010). Amongst all these semi-
conductor catalysts, titanium dioxide (TiO2) has taken the greatest interest in R&D
of photocatalysis technology because of the number of advantages, for instance,
its nontoxic nature; chemically resistant; its stability as it remains intact even after
the repeated catalytic cycle; it has strong oxidizing power; high-catalytic activity;
stability against photo corrosion; economical etc. (Singh et al. 2013). However, apart
from the advantages, there are some limitations also in using the TiO2 in powder form
or in suspended form like post-treatment separation, less recycle rate of photocatalyst
etc. So, new technologies are emerging in which the photocatalyst immobilisation or
doping of TiO2 into some suitable substrate is being done to get better performance
(Oblak et al. 2018; Leary and Westwood 2011).

3.4.1 Photocatalysis Mechanism of TiO2

The mechanism of photocatalysis is like when a photocatalyst is illuminated by light
of equal or greater energy than its bandgap (like 3.2 eV for anatase TiO2, 3.0 eV for
rutile TiO2), produce electron–hole pairs, holes in the valence band (hvb+) similarly
electron in the conduction bands (ecb−) as shown in Fig. 3.11. Holes in the valance
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Fig. 3.11 Photocatalysis mechanism of TiO2 for organic pollutant degradation. Adopted and
modified from Chong et al. (2010), Altin and Sökmen (2014)

band react with the water or hydroxide ions to produce hydroxide radicals (HO.),
on the other hand, photo-generated electrons get reacted with the absorbed oxygen
molecules to generate superoxide radicals (O2

.) which in turn transforms into some
highly reactive species like HO., HO2

. and H2O2. These active radical species play
an important role in degradations of harmful organic contaminants and disinfection
of pathogenic microorganisms by oxidation–reduction reactions and convert them to
harmless substances such as CO2 and H2O (Altin and Sökmen 2014).

3.4.2 Crystalline Forms of TiO2: Anatase and Rutile

The photocatalytic activity of TiO2 depends on various parameters such as crys-
tallinity, surface area, impurities, and density of hydroxy groups on its surface;
however, themost noteworthy factor is its crystalline form. TiO2 is commonly used as
a photocatalyst in two crystal structures as shown in Fig. 3.12: rutile and anatase. Out
of which, anatase usually has much greater activity than rutile. More fascinating is
the fact that the activity of most common commercial form of TiO2: P-25 (Degussa)
which is frequently used as a benchmark for photocatalyst consists of anatase and
rutile (4:1 wt./wt), exceeds the activity of pure anatase in several reaction systems
(Kawahara et al. 2002),. It is known that the phase mixture of various polymorphs
has a synergistic effect, and increased photocatalytic activity is observed compared
to pure phases. However, for pure phases, it is generally accepted that anatase has a
higher photocatalytic activity compared to rutile TiO2 (Luttrell et al. 2015).
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Fig. 3.12 Unit crystal
structure of anatase (a) and
rutile (b) and TiO2 (Jia et al.
2016). Copyright © 2016,
Springer Nature

Despite rigorous study on TiO2, there is no fully accepted explanation for this
difference in photocatalytic activity of various polymorphs or surface orientations.
Although there are certain possible explanations which may project light on it such
as; anatase has a larger bandgap (i.e. 3.2 eV) compared to TiO2 rutile (i.e. 3.0 eV), this
reduces the light that can be absorbed, it can increase the maximum of the valence
band at higher energy levels than the redox potential of the adsorbed molecules
(Luttrell et al. 2015). This increases the oxidation “power” of the electrons and
facilitates the transfer of electrons from TiO2 to adsorbed molecules (Luttrell et al.
2015). This explanation has also been expanded to explain activities dependent on
the surface orientation of suggesting that different surfaces have different bandwidth
gaps; another possible explanation can be that indirect bandgap shown by anatase
is smaller than his direct bandgap. Figure 3.13 shows the two types of bandgaps
in semiconductors, i.e. direct bandgap and indirect bandgap and the photoemission
process in them. For rutile, on the other hand, its indirect bandgap is remarkably
similar to the direct bandgap, resulting in rutile to have its fundamental bandgap
as direct bandgap (Luttrell et al. 2015). Indirect bandgap semiconductors generally
show longer charge carrier lifetimes than materials with a direct gap. An electron–
hole pair life longer in anatase than in rutilewouldmake charge carriersmore likely to
participate in superficial reactions. A study byXu et al. (2011) tells that longer charge
carriers lifetime in anatase than in rutile comes from transient photoconductivity
measurements on single crystalline samples.
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Fig. 3.13 Type of bandgaps in semiconductors. Adopted and modified from Luttrell et al. (2015)

3.5 Magnéli Phase TiOx: An Electrocatalyst

TiO2 has been studied in detail globally, and its technological applications have a huge
number of varieties ranges such as in the electronic field, medical industry, environ-
mental filed etc. Though stoichiometric TiO2 has a very low-electrical conductivity
near about 10–10 Sm−1 (Adamaki et al. 2014). Interestingly, the electronic proper-
ties of TiO2 can be radically transformed by establishing oxygen deficiencies in its
crystalline lattice which can be created by performing its reduction most commonly
by heat-treating the oxide at a high temperature in a reducing atmosphere (Adamaki
et al. 2014). The reduction process leads to the formation of new phases of titanium
oxides depending on the concentration of oxygen vacancy defects in the crystal
lattice. Sub-stoichiometric titanium oxides known as Magnéli phase is a sub-set of
those new phases formed with a general chemical composition of TinO2n-1, where
n varies from 4 to 9 such as Ti4O7, Ti3O5 etc. which works as an electrocatalyst
(Domaschke et al. 2019).

3.5.1 Synthesis of Magnéli Phases

In order to get reduced titania (oxygen deficient),manypreparationmethods are being
adopted in researches globally which includes electron beam implantation, thermal
annealing to high temperatures (over 500 K), vacuum heating TiO2, UV irradia-
tion, reduced conditions (C, H2), laser, plasma treating, and high-energy treatments
particle (neutron, Ar + , electron, or -ray) bombardment, vacuum activation metal
reduction, chemical vapour deposition, electrochemical reduction, etc. (Jayashree
and Ashokkumar 2018; Nakajima et al. 2014; Tang et al. 2012). A general reduction
sequence of TiO2 can be shown by the below Eq. (3.1)
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TiO2 → TinO2n−1(4 < n < 10) → Ti3O5 → Ti2O3 → TiO → Ti2O (3.1)

Hence, the defect formation and their concentration are largely depending on
the preparative condition and have a significant effect on its intrinsic properties
like structural, optical, electrical behaviour which in turn affect its catalytic activity
(Jayashree andAshokkumar 2018). A typical synthesis ofMagnéli phase involves the
carbothermal reduction of rutile Titania (TiO2) with reducing agent PVA, H2, CaH2,
zirconium, ammonia, etc. at 600–1000 ºC (Domaschke et al. 2019) or the reduction
of anatase or rutile titania under high temperature (>1200 ºC) (Arif et al. 2017).
Although all these Magnéli phases are having very analogous lattice parameters,
which means it is not easy to obtain the separate phases in a pure form. The detailed
mechanism for the formation of these new phases of titanium oxide is like when the
O atom is removed, and the nearby Ti–Ti bonds are usually relaxed from the vacancy
in order to bond with the rest of the lattice. At the same time, the neighbouring
Ti–O bonds displace slightly inward due to the electrostatic pull induced by oxygen
vacancies. This internal modification due to oxygen vacancy defects reorganizes
atomic positions and reduces the overlap between Ti dangling bonds nearer to the
vacancy, thereby reducing the Ti–O bond elongation.

These defects cause the distortion in TiO6 octahedral structure of TiO2, which can
be transformed into different octahedral packing (e.g. from tetragonal rutile TiO2 to
orthorhombic packing of Ti4O7) with increasing concentration of oxygen defects
(Fig. 3.14). Hence, with the increase in the concentration of oxygen vacancy defects,
ordering of vacancy occurs and leads to the formation of Magnéli phases of titanium
oxide because of crystallographic shear.

Fig. 3.14 Different types of octahedral packing a tetragonal distortion (rutile TiO2), b trigonal
distortion (Ti2O3), c orthorhombic- like distortion (Ti4O7). Adopted and modified from Jayashree
and Ashokkumar (2018)
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Fig. 3.15 aDifference between the crystal structure of TiO2 and Ti4O7 (Magnéli phase) bDifferent
type of orientation in TiO2 octahedra in Magnéli phase. Adopted and modified from Jayashree and
Ashokkumar (2018), Copyright © 2010, Elsevier

3.5.2 Difference Between TiO2 and Magnéli Phase

The major difference between the two lies in their catalytic activity, TiO2 is a well-
established semi-conductor which has been widely used for its photocatalytic activi-
ties. Whereas, Magnéli phase is a reduced form of TiO2 having oxygen vacancy in its
crystal structure, which leads to an exceptionally good electronic nature and hence
makes Magnéli phase an electrocatalyst. The difference can also be seen clearly in
their crystalline lattice as shown in Fig. 3.15, the crystal structure of TiO2 is consid-
ered as a 2D chain of TiO6 octahedra having edge-sharing with individual chains
linked by a corner oxygen atom to form the 3D lattice (Jayashree and Ashokkumar
2018). Each octahedron is composed of a titanium atom at its centre and oxygen at
each corner as shown in Fig. 3.16. Whereas Magnéli-phase has a crystal structure
made up of TiO2 octahedra blocks with an oxygen deficiency for each nth layer,
resulting in the shear planes where the octahedral 2D chains become face sharing
to address the deficiency in oxygen (You et al. 2016). This organization eventually
reduces the symmetry of the crystal system from tetragonal (i.e. for TiO2) to triclinic
(i.e. for Magnéli phases) as the unit cell size increases.

Also, it has been found in various studies that the Fermi level of Ti4O7 at room
temperature is located within the conduction band of oxide (Domaschke et al. 2019)
because of this reasonTi4O7 has a high-electronic conductivity comparable tometals.

Figure 3.16a and b shows the SEM images of P25 TiO2 and Ti4O7 made by
thermochemical reduction of TiO2 at 1050 ºC from the study done by Lee et al.
(2018). TiO2 nanoparticles had a small size of 25 nm having highly aggregated
morphology. Whereas Ti4O7 was sintered and grew to a few micrometres. Also, He
et al. (2015) have performed a study where they showed the XPS spectra of Ti-2p
(Fig. 3.16c) and O-1 s (Fig. 3.16d) of Ti8O15 (Magnéli phase with n = 8) and TiO2

powder (anatase). Ti8O15 was fabricated directly on a Ti substrate by an easy one-
step evaporation-deposition synthesis procedure under theH2 atmosphere. In theXPS
spectra of Ti-2p, two peaks at binding energies 458.6 and 464.5 eV are there in both
the samples, which correspond to the Ti-2p1/2 and Ti-2p3/2 peaks of Ti4+. However,
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Fig. 3.16 SEM images of P25 TiO2 (a) and Ti4O7 made by thermochemical reduction of TiO2
at 1050 ºC (b) (Lee et al. 2018); (c and d) Ti-2p and O-1 s XPS spectra of Ti8O15 and TiO2 (He
et al. 2015), Copyright © 2018, American Chemical Society; copyright © 2015, Royal Society of
Chemistry

it can be clearly seen that there are two extra peaks for Ti8O15 with binding energies
at 463.7 and 458.0 eV, which are attributed to the Ti-2p1/2 and Ti-2p3/2 peaks of Ti3+.
And for the XPS spectra of O-1 s, there is a strong additional peak at 532.0 eV in
Ti8O15 (related to Ti–OH bond) other than that at 530.1 eV (related to Ti–O-Ti bond
in both the case) (He et al. 2015).

Recently, Magnéli phase has gained a lot of attention in the field of conductive
materials because the shear planes in Magnéli phase provides a pathway for elec-
tron transport and hence, making it an excellent electrical conductor (Jayashree and
Ashokkumar 2018). This distinctive structure leads to a combination of exceptional
electrical conductivity close to that ofmetals, a high-corrosion resistance close to that
of ceramic materials (You et al. 2016) and durable in electrochemically oxidizing
environments (Arif et al. 2017). Also, in Magnéli phases TinO2n-1, the electrical
conductivity decreases with increasing n values, and phases with n = 4–6 are supe-
rior electrically conductive (Zhang et al. 2013), making them more attractive than
other phases. Specifically, Ti4O7 is an extraordinary member of Magnéli phase with
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n = 4, which exhibits super electrical conductivity (i.e. 1035 σ/S cm−1) (Walsh and
Wills 2010) and electrochemical stability and optical properties (Zhang et al. 2013).
The attractive properties are since Ti4O7 has one 3d electron for two cationic sites
and two possible valence states, Ti3+(3d1) and Ti4+(3d0), for the cations (Heckel et al.
2015).

Due to their high-electrical conductivity and chemical resistance, Magnéli phase
is of interest for a variety of applications, including cathodic protection, batteries,
catalyst support for fuel cells as well as their potential use in the treatment of aqueous
waste and contaminated water (Adamaki et al. 2014).

3.6 TiO2 Doped Graphene

TiO2 has shown extraordinary photocatalytic activity in many types of research
as well as in industries globally. However, TiO2 in its pure form whether in TiO2

nanoparticles (most common is P25), in TiO2 nanorods or in TiO2 nanotubes (TNTs)
etc. experiences some major problem limiting its further application and the most
important problem is TiO2 have a wide bandgap (i.e. 3.2 eV) causing its photocat-
alytic activity in the UV region, and the terrestrial solar spectrum contains about
5% of UV radiation only (Bhanvase et al. 2017). Therefore, it has limited photocat-
alytic activity in the visible range of the solar spectrum; and the other problem is
easy recombination of its photo-generated electron-holes pairs (Zhao et al. 2015). In
order to solve this problem, various methods have been performed to improve their
photocatalytic activity, including the loading of noble metals, the doping of non-
metals, the doping of transition metal ions, the sensitization of dyes, the co-doping
of metals and non-metals, etc. However, the results are still not up to scratch (Zhao
et al. 2015).

One of the solution researchers have discovered to bring its reactivity in visible
light is by using graphene-TiO2 composites as graphene owns very unique electronic
and photo-electronic properties (Zhao et al. 2015) which improves electron trans-
portation and the recombination of electron–hole pairs get suppressed. Moreover, it
is possible that with the use of the graphene-TiO2 composite, the agglomeration of
TiO2 can be avoided in order to maintain a greater surface and the composite will
be having more active sites for the degradation of pollutants and this improves the
degradation rate of pollutantswith the use of a smaller quantity of photocatalyst based
on composite graphene-TiO2 (Bhanvase et al. 2017; Zhang et al. 2012). In addition,
graphene has excellent thermal conductivity, a larger specific area, better charge
carrier mobility and good mechanical resistance. These electronic and photonic
properties of graphene make it a candidate material for the enhancement of TiO2

photo-reactivity. Graphene-TiO2 nanocomposites also have improved photo-activity
resulting from greater absorption of extended visible light and a strong affinity for
other organic materials (Bhanvase et al. 2017). Figure 3.17 showing the mechanism
of TiO2 incorporated on rGO due to which the bandgap of TiO2 got lower by some
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Fig. 3.17 Mechanism of TiO2 graphene composite. Adopted and modified from Tan et al. (2013)

value resulting in the photo-reactivity of TiO2 under visible range and hence better
and efficient degradation of contaminants in visible light irradiation.

Zhao et al. (2015) in their study have fabricated graphene/TNTs nanocomposites
(GTNCs) made up of rGO and TiO2 nanotubes (TNTs) using hydrothermal process.
They showed the advantage of this unique nanostructure in providing sufficient active
sites as well as it supplied electron-transport path, which eventually increased the
photocatalytic activity of nanocomposite. They checked the photocatalytic perfor-
mance of GTHCs through the methyl orange (MO) degradation under UV light
irradiation and found outstanding photocatalytic activity much better than that of
traditional TiO2 nanotubes. Also, in another study done by Zhang et al. (2010) where
they obtained chemically bonded TiO2-graphene nanocomposite photocatalyst with
P25 and GO using hydrothermal method resulting in the simultaneous reduction of
GO into rGO and loading on P25 in it. In their study, they showed the enhancement in
the photo-degradation of methylene blue under both UV and visible light irradiation
using P25-graphene as compared to bare P25and P25-CNTs with the same carbon
content. And the reason being was its giant 2-D planar structure, which facilitated
an improved platform for adsorption of dyes and charge transportation.



3 Titanium Oxide Composites with Graphene … 53

3.7 Conclusion

Graphene is a noble carbon-based nanomaterial having some extraordinary prop-
erties such as high specific surface area, high thermal and electron mobility as
well as extremely high-mechanical strength. Having such extraordinary proper-
ties, graphene and graphene-based nanocomposites can be used for environmental
application as photocatalytic, biocidal, electroactive, and adsorbent materials. Laser-
induced graphene is a newly invented facile, one-step, cost-effective, and chemical-
free method for the synthesis of good quality graphene and graphene-based surfaces
such as electrodes. As compared to GO and rGO, good quality LIG can also be easily
produced at a large scale-up by roll-to-roll method. LIG can be printed on various
carbonaceous materials such as cloth, paper, wood, cork coconut shells, and even on
edible items like bread and potato by just changing the laser setting and atmosphere.

Nevertheless, graphene itself does not poses efficient catalytic properties leading
to a demand for graphene-based nanocomposites by incorporation of heteroatom
into graphene. For the purpose, titanium oxide TiOx (i.e. TiO2 as a photocatalyst and
Magnéli phases TinOn-1 as an electrocatalyst) can be considered as a noble catalyst for
doping. The catalysis reaction of TiOx results in some environmentally friendly by-
products such as CO2 and H2O in most of the cases. The incorporation of TiOx with
graphene enhances the catalysis reaction as this composite cause the working of TiO2

more efficiently in solar light and provides a free pathway for electron movement
enhancing the electrocatalytic property of Magnéli phase-graphene composite.
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Chapter 4
Metal and Carbon-Based Nanomaterials
for the Water Disinfection

Nandini Dixit, Amritanshu Shriwastav, and Swatantra P. Singh

Abstract Disinfection is an indispensable part of a water treatment system to
provide high-qualitywater.Various disinfection-based technologies have been imple-
mented for the same, including UV, chlorination, and ozonation, but possess limita-
tions in terms of operations, cost, and carcinogenic by-products formation; therefore,
demand such a system that can compensate for these challenges. Electrochemical
disinfection is an appealing technology due to its environmentally amicable and cost-
effective usage. Due to the intervention of nanomaterial sciences, this technology has
shown constructive outcomes for water disinfection. Nanomaterials like carbon and
metal-based nanomaterials have shown fabulous results in the field of water disin-
fection and can enhance the antimicrobial activity via their tunable physicochemical
properties. Laser-Induced Graphene (LIG), a novel carbon-based nanomaterial has
outstanding surface properties that inhibit bacterial growth and can behave as an
antimicrobial surface in the presence of electricity with the simultaneous genera-
tion of hydrogen peroxide. Additionally, Metal-based nanoparticles are promising
antimicrobial agents as they generate reactive oxygen species (ROS) and creates
oxidative stress in the microbes. This chapter articulates the role of carbon and
metal-based nanomaterials in disinfection processes and how they can overcome the
limitations faced by conventional materials by providing better electrocatalytic and
surface properties to escalate the disinfection process.

Keywords Electrochemical disinfection · Laser-induced graphene (LIG) ·
Reactive oxygen species (ROS) · Antimicrobial surface · Metal nanoparticles

4.1 Introduction

In this era of the developing world, more than 5 million people die every year due to
unsafe quality of water and poor hygiene (WHO 2007). This pressing issue of poor
cleaning of water needs consideration in terms of social, equitable, and economic
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means. All these factors need to be encompassed for the possible best solution to
deal with the bacteriological safety of the water. Chlorination is the oldest and one of
the widely used technology to date. Still, due to its excessive use, the generation of
harmful disinfection-by-product is increasing, which can cause various ailments, and
could lead to cancer (Korshin and Yan 2018). Electrochemical disinfection, which
was first used in the nineteenth century, is gaining attention in terms of its chemical-
free usage but faces problems due to poor and affordable electrode material (Kraft
2008). The electro-generation of oxidative species and the electric field both create
havoc to themicrobes leading them to inactivate.Variousmetal-based electrodes have
been investigated and employed for many years. However, they had shown problems
like charge reversibility, corrosion and lower current density, etc. and therefore, foster
the need for developing low cost, highly conductive engineered materials whose
properties can be modified according to a particular application (Wang et al. 2019a,
b).

Nanomaterials, especially carbon-based nanomaterials, have exerted their effect
in the field of water disinfection for a decade. These materials, due to their unique
properties, are versatile in many forms. Membrane-based solutions, when equipped
with low-cost nanomaterials, could give an economically viable method for water
disinfection. Laser-induced graphene, a 3-D porous carbon nanomaterial whichwhen
investigated as an electrochemical membrane filter, has shown good results for disin-
fection at an applied voltage (Singh et al. 2018a, b), and can further be investigated
for its long term usage in the water cleansing technology. Its surface, as well as elec-
trochemical properties, makes it an appealing material for water disinfection. The
hydrophilic surface of the material promotes non-adhesion to the microbes. With
electricity, this material can reduce oxygen to hydrogen peroxide, which can lead
to the generation of reactive oxygen species (ROS). The ROS being toxic to the
microbes causes cell disruption and ultimately deactivates them (Buonocore et al.
2010).

The metal-based nanomaterials have shown strong biocidal activity and could
be employed in the form of composites with carbon-based nanomaterials to enhance
their antimicrobial action.Metal-based nanoparticles, due to their modifiable physic-
ochemical properties, provide a broad spectrum for its synthesis to increase its
bioavailability (Wang et al. 2019b). These can be prepared in different shapes and
sizes for effective action over a gamut of microbes. The nanomaterial enters the cell
via endocytosis, diffuses, and encapsulates the ions which interact with different
cellular components depending upon its bond forming ability (Dayem et al. 2017).
They are oxidative stress inducers as they generate reactive oxygen species (ROS)
inside the cells by damaging the cellular defense system. This could lead to DNA
damage, protein rupturing, cell apoptosis, lipid peroxidation, etc. which ultimately
destroys the cell (Singh and Dubey 2018).

This book chapter focuses on the limitations that conventional disinfection treat-
ments are facing. Along with this, the role of electrochemical disinfection and
the deficiencies faced by them in terms of electrode material is being articulated.
The purpose of carbon nanoparticles and metal-based nanoparticles, mainly silver
and copper, are being highlighted, which could be employed as composites or
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on membranes for ecclesiastical disinfection performance. We have also provided
some insights into disinfection processes used in spacecraft and International Space
Station.

4.2 Overview of Disinfection

Over the last few decades, water disinfection based researches have shown many
improvements in terms of materials and technology. There are various technolo-
gies used for the disinfection processes, e.g., chlorination, electrochemical disin-
fection, iodination, ultraviolet radiation method, metal incorporating based filters,
etc. Along with this, the results of various studies and experiments have manifested
the effectualness of carbon-based nanomaterials as potential disinfecting agents.
Whether it is graphene, carbon nanotubes, carbon nanodots or quantum dots and
laser-induced graphene, etc. all have significantly strutted their effectiveness against
a broad spectrum of microbes (Wang et al. 2019b).

Disinfection is the partial killing of themicrobes. Four categories of human enteric
organisms ofmost significant consequences in producing diseases are bacteria, proto-
zoan, virus, oocysts, cysts, and helminths (Metcalf 2003). These microorganisms,
if not removed or killed, may cause a plethora of waterborne diseases like cholera,
typhoid, diarrhea, etc. to humans. The properties of disinfecting agents are (Simon
et al. 2018)

1. It should be readily available.
2. It should not interact with extraneous material (organic matter) other than

bacterial cells.
3. It should be non-corrosive, non-toxic, and non-staining.
4. It should be stable and soluble at ambient temperature.

The following section describes the conventional technologieswhich are currently
being employed with the limitations possessed by them. The major disinfection
processes used in water treatment are given in Fig. 4.1.

Fig. 4.1
Various disinfection
processes used in water
treatment

Chlorination  

Ozonation 

Ultraviolet light  

Electrochemical disinfection  
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4.2.1 Conventional Disinfection Processes

4.2.1.1 Disinfection by Chlorination

Disinfection by chlorination is one of the most considerable methods used for disin-
fection in water and wastewater treatment facilities. Chlorine gas, hypochlorite solu-
tion (sodium or potassium hypochlorite), chlorine dioxide, and calcium hypochlo-
rite are being employed as a disinfecting agent. Chlorine gas on hydrolysis gives
hydrochloric acid and hypochlorous acid. Hypochlorous acid on further hydrolysis
gives hypochlorite ion (OCl−) ion, which is a pH-dependent species (Martínez-
Huitle and Brillas 2008). Hypochlorite ion and hypochlorous acid concentrations
are termed as free chlorine or active chlorine, which is responsible for the deac-
tivation of microbes by inhibiting the enzymes responsible for their growth and
metabolism. Chlorine dioxide is a yellow-green colored pungent gas characterized
by high oxidizing power and has a robust germicidal action towards pathogenic
microbes. The stronger action than hypochlorite and chlorine gas make it interact
with extraneous materials like organic matter or other ions, which decreases the
efficacy of maintaining the microbiological quality of water (Thorn et al. 2012).

Cl2 + H2O → HOCl + HCl (4.1)

HOCl → H+ + ClO− (4.2)

For distribution purposes, residual chlorine is an essential element to safeguard
against microbial contamination. Generally, the range up to which residual concen-
tration is provided lies between 0.5 and 1.0 mg/L, which is quite low up to any physi-
ological relevance towards mammals (Metcalf 2003); however, higher concentration
could be dangerous. The major problem with chlorine disinfection arises with the
generation of disinfection by-products like chloroform, trihalomethanes, etc. which
are potential carcinogens (Richardson et al. 2007). Additionally, the corrosiveness
and toxicity of this gas is a primary issue for its operation and transportation. Due
to its high oxidative power, high doses of chlorine used in the system can cause
immunosuppression, infertility, cancer, etc. (Thornton and Campbell 2001).

4.2.1.2 Disinfection by UV

Ultraviolet light is one of the most commonly used technologies available in the
market for drinking water treatment. In many households, it is used in combina-
tion with reverse osmosis water purification systems. UV radiation interacts with
nucleic acids inside themicrobial cells and permanently damages the DNAof the cell
(Metcalf 2003). The nucleic acid readily absorbs UV radiation (250–280 nm) in the
DNA.Most bacteria and viruses require lower doses ofUV,while protozoan and cysts
are significantly resistant to even higher UV doses. The inability to provide residual
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effect is the main disadvantage of the UV; therefore, chances of recontamination
occur during distribution or storage. Along with this photoreactivation, phenomena
may occur inwhich damaged bacterial cells regrow themselveswhen exposed to light
(Wolfe 1990). Also, UV treated water and wastewater were found to contain antibi-
otic resistance genes (ABGs) and antibiotic resistance microbes (ABRs) (McKinney
and Pruden 2012). The main advantage of it lies in no harmful by-product formation
and easy applicability. Still, its high cost and presence of high level of suspended
solids and turbidity in the water can cause unsuitability for adopting the technology
for long term purposes.

4.2.1.3 Disinfection by Ozonation

Ozone is an unstable molecule that is composed of three oxygen atoms and is
produced via a two-step reaction. The first step includes the dissociation of oxygen
molecules into oxygen atoms in the presence of light or any other high energy
source, and the second step includes the collision between atoms to form ozone.
Ozone is highly unstable and has an extremely short lifetime; therefore, signified
as highly reactive. Its oxidation strength is high enough to oxidize a vast domain
of species (Fig. 4.2). It is usually employed by generating it in situ at the sites for
immediate treatment due to its high toxicity and short-lived nature. Conventionally
ozone is produced by treatmentwith high energy ultraviolet radiation photolytic reac-
tions, radiochemical reactions, or via electrochemical generation through a corona
discharge (Kraft 2008). Ozone produces hydroxide radicals which are responsible for
disrupting proliferation and killing microbes by attacking the cell wall. Ozone is also
usedwithmany other combinations such as ozonewith the ultraviolet light (UV), and

Fig. 4.2 Adiagrammatic representation showingdesired andundesired effects of ozonedisinfection
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Fig. 4.3 Integrated ozone-UV based reactor. Adapted and modified from (Oh et al. 2007)

ozone with hydrogen peroxide, etc. in wastewater reuse and reclamation technology
(Metcalf 2003). The integration of ozone and the UV method leads to the formation
of radical reactions that are activated by the photochemical reactions between the UV
and ozone. An Integrated ozone-UV disinfection reactor is shown in Fig. 4.3. The
combination of the UV with ozone converts the unstable ozone to stable oxygen and
generates hydrogen peroxide, which exacerbates the hydroxyl radical formation in
the presence of UV light (Collivignarelli et al. 2018). The major problem associated
with ozonation is the formation of assimilable organic carbon (AOC), which allows
the microbes to regrowth in the water system. Therefore, biologically active filters
are required for the post-treatment to ozonation, which enhances the overall cost
of operation, leading to its unsuitability for smaller utilities (Wolfe 1990). Ozona-
tion also produces DBPs like bromate and bromonitromethanes, which are potential
genotoxins (Richardson et al. 2007).

Other than these, different methods, such as rapid sand and slow sand filtration,
also exist in many places. Some facility uses membrane-based microbial rejection
processes like ultrafiltration, nanofiltration, or reverse osmosis (RO) and advanced
oxidation processes with hydrogen peroxide or ozonation, etc. (Collivignarelli et al.
2018). One of the state-of-the-art techniques has been produced by nanomaterials
due to their unique tunable physicochemical properties and the large surface area;
thus, creating engineered surfaces for better disinfecting technologies is lying all
around (Li et al. 2015).

4.3 Electrochemical Disinfection

Electrochemical disinfection is one of the prominent methods used to disinfect water
bymaintaining the aesthetics and odor in a non-hostile and affordable manner. In any
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disinfectionmethodology, there are two steps, the one being primary disinfection, and
the other one is the residual effect, which needs consideration during the distribution
of water. Most of the electrochemical water disinfection systems rely on the elec-
trogeneration of mixed-oxidants, which have reliable properties of inactivation and
killing microbes. Along with this, techniques like electroporation, electrocution, and
electrosorption have been explored (Martínez-Huitle and Brillas 2008). The primary
mechanism for the inactivation of microbes occurs due to:

1. Oxidative stress due to Reactive oxygen species (ROS) or Reactive chlorine
species (RCS) production which is either produced by extraneous interaction
of microbial cells with toxic components such as metal nanoparticles or some
toxic chemical present in the system or by the generation of radicals caused by
electrochemical reactions (Suresh et al. 2013).

2. Oxidation of essential cellular components on account of induced electric field
exposure which inhibits the basic functioning of the cell (Huo et al. 2017).

3. Irreversible permeabilization of cell membrane on exposure to electricity
leading to leaking of cellular components or up taking of toxic materials
(Ghernaout 2017).

4.3.1 Electrochlorination

The chlorine-baseddisinfection technique is the historicalmethod till date and the one
which is most commonly used. Electrochlorination method incorporates chloride-
containing water, which can either be natural chloride or externally added chlorine in
insignificant quantities lesser than the permitted concentration of chlorine in drinking
water. Drinking water disinfection is generally performed via in-line or on-site elec-
trolysis of water. The pH of the reaction mixture is of utmost importance as chloride
ion changes its behavior at different pH. At pH < 4, no chloride ion would be there,
but at pH > 10, chloride ion would be prominent. The pH of the disinfected water
is around 6.5–8, so the overall process works between distributed pH (Thorn et al.
2012). Inactivation of microbes by electrochlorination occurs via two methods, one
involves the use of brine in electrolyzer to produce free chlorine while other elec-
trolyzes the water to produces oxidants like OH., singlet oxygen, hydrogen peroxide
or ozone (Martínez-Huitle and Brillas 2008).

Chlorine dioxide is one of the disinfection products formed during electrolysis and
generates different by-products at distributed pHwith different ions such as nitrates or
sulfates. The presence of these ions could also produce oxidants like peroxydisulfate,
peroxydiphosphate due to their preferential oxidation (Martínez-Huitle and Brillas
2008). In electrochemical chlorination, the allowed concentration of chloride ion is
very low; therefore, it becomes necessary to control the diffusion of active chlorine
formation into the bulk solution. In addition to this, Cl− ions also act as a catalyst to
embrace the formation of oxidants or free radicals like OH− by involving in chain
reactions thereby, increasing the activity of the radicals for cell destruction (Kapałka
and Fóti 2010).
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Active chlorine which is a key oxidant in electrochlorination process forms on
the anode in the following manner:

2Cl− → Cl2 + 2e− (4.3)

Cl2 + 2OH− → H2O + OCl− + Cl− (4.4)

Cl2 + 4H2O → 2ClO2 + 8H+ + 8e− (4.5)

4.3.2 Electrochemical Disinfection by Hydrogen Peroxide

Electrochemical disinfection via hydrogen peroxide involves the electro-generation
of hydrogen peroxide at the cathode, leading to the inactivation of microbes due to its
oxidizing nature.Water gets electrolyzed to formoxygen at the anode; the oxygen can
produce hydrogen peroxide at cathode if the electrodes used can compromise a high
overvoltage of oxygen to favor the reduction of it. Earlier metal electrodes, including
platinum, ruthenium, iridium, etc. were used, but nowadays people are using carbon-
based electrodes for generating hydrogen peroxide due to their greater abundance
(Liu et al. 2015b; Wang et al. 2019a). Along with this gas diffusion electrodes are
also being employed which have greater efficiency as they use the oxygen in the air
surrounding the electrode to directly convert into hydrogen peroxide (Särkkä et al.
2015). These electrodes have a three-phase interface electrode configuration, which
can greatly enhance the kinetics and the overall current efficiency of the gas-phase
electrochemical process (Poornesh et al. 2010). The hydrogen peroxide has a lower
oxidizing potential (Eo = 2.31 V) than chlorine and ozone and may require in higher
quantities or could be employed for longer disinfection time. However, the main
advantage lies in less to no by-product formation (Kraft 2008).

2H2O → O2 + 4H+ + 4e− (Anode) (4.6)

O2 + 2H2O + 2e− → H2O2 + 2OH− (Cathode) (4.7)

4.3.3 Electrocoagulation

In Electrocoagulation, coagulants are formed in-situ by electrochemical reactions
on the electrodes, which tend to aggregate the suspended particulates to form flocs.
The microorganism suspended in the water gets enmeshed into the flocs leading to
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their removal via sweep flocculation (Ghernaout et al. 2011). The anode behaves
as a sacrificial electrode which loses electrons to make cations which immediately
reacts with oxygen to form hydroxides. These hydroxides act as coagulants which
neutralize the surface charge of themicrobes that occur near the anodic zone followed
by sweeping via adsorption. Along with this, depending upon the type of electrode
and electrolyte used, the production of various oxidative species can cause additional
effects (Ghernaout et al. 2019). At pH = 12, iron hydroxide is formed at anode
according to the below reactions.

Fe → Fe2+ + 2e− (4.8)

4Fe + 10H2O + O2(g) → 4Fe(OH)3(s) + 4H2(g) (4.9)

2H2O + 2e− → 2OH− + H2(g) (4.10)

Figure 4.4 is highlighting the mechanism of microbial inactivation via Electroco-
agulation.
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Fig. 4.4 A flowchart representing the mechanism of inactivation of microbes via Electrocoagula-
tion. Adapted and modified from (Ghernaout et al. 2019)
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4.3.4 Electro-Fenton Process

The Electro-Fenton process uses a high oxygen overvoltage electrode used for the
reduction of water to produce hydrogen peroxide. When a small amount of iron is
added to the mixture, iron gets oxidized and yields Fe3+ and OH. at pH= 3, which is
a powerful oxidant even higher than H2O2, as shown in Fig. 4.5 (Brillas et al. 2009).
This process efficiently kills a diversity of microbes and can bemodified via different
means to optimize the pH. In advance oxidation, this method has successfully shown
its potential for the degradation of recalcitrant compounds and heavy metals. The
incorporation of nanoparticles into this process could lead to enhanced efficiency.
Various membrane and light assisted Fenton process has been developed for this
with pH control technologies to drive its potential in multiple sectors of wastewater
remediation (Liu et al. 2007).

Applications of Electro-Fenton process

1. In one study, carbon nanotubes membrane stack filter was designed for
killing microbiota through in-situ Electro-Fenton reagent generation. A carbon
nanotube gridded cathode, CNT-COOFe2+ cathode for the production of

Fig. 4.5 A schematic showing inactivation of microbes in an Electro-Fenton process. Adapted and
modified from (Chen et al. 2019)
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hydroxyl radical through H2O2 and Fe2+ in-situ, and a gas diffusion porous
PVDF and PTFE separator along with CNT filter anode (Gao et al. 2015).

2. A recently developed decentralized system with the Fenton process is used
for the domestic sewage system, consisting of degradation from organics to a
wide range of microorganisms in the wastewater. This system is a stacked flow-
through reactor consists of graphite felt cathode andDSAmesh anode employed
at voltage around 2.5 V and flow rate 30 mL/sec. The overall concentration of
bacteria was reached to 4 log reduction (Ren et al. 2020).

3. A pH-responsive membrane-based filtration assembly is being designed in
which a two-stage stacked configuration system is produced. The upper
assembly generates hydrogen peroxide, and the lower one is incorporated with
iron nanoparticles with a pH-responsive membrane for filtration (Li et al. 2015).
This type of membrane is prepared by brushing pH-sensitive chemicals or
grafting polymers whose side chains are sensitive to a particular pH (Wandera
et al. 2010).

4.3.5 Problems Related to Conventional Electrode Usage

The electrodes of various materials have been employed in electrochemical disinfec-
tion processes including IrO2,RuO2, or combined IrO2/RuO2, boron-dopeddiamond,
diamond thin-film electrodes, graphite, platinum electrodes, iron electrode, dimen-
sionally stable electrodes or mixed metal electrodes generally coated with titanium,
etc. (Gonzalez-Rivas et al. 2019). These materials faced a variety of problems, which
led to the possible usage of novel materials, which showed enhanced efficiency of
the overall process. The major disadvantages include:

1. Low current efficiency: Lower current efficiency affects both the electrogen-
eration of the oxidants and the working capacity of the electrode. This hinders
the electrode usage for long term applications (Thorn et al. 2012). Due to
lower current efficiency, the amount of hydrogen peroxide produced would
be lesser than the theoretically calculated amount, which ultimately promotes
lesser antimicrobial effect. Also, lower current efficiency would significantly
increase the specific cost of an electrolyzer (Särkkä et al. 2015).

2. Polarity reversal: Many metal electrodes undergo polarity reversal due to the
accumulation of species on it, which causes the functioning of the electrode to
change. It is a major problem when the scaling of electrodes occurs due to the
presence of calcium or magnesium salts in the water. This type of process was
earlier used to clean the electrode, but nowadays, methods like ultrasonication,
etc. are under employment (Kerwick et al. 2005). As a result of polarity reversal,
the life expectancy of an electrode decreases.

3. Low oxygen overvoltage: Most of the metal electrodes have shown lower
oxygen overvoltage. Overvoltage is the voltage that is applied over the equilib-
rium voltage. In a redox reaction at a certain voltage, ions have to move from
the bulk to the interface of the electrode, where it encounters resistance from the
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neighboring ions. Therefore, for removing the resistance, some extra potential is
provided, which is termed as overpotential or overvoltage. This could be solved
by using a catalyst that can help in providing that extra voltage. The problem of
lowered catalytic activity of the electrode for oxygen reduction reduces the rate
of production of oxidative species like hydrogen peroxide or RCS etc. (Kraft
et al. 2006).

4.4 Applications of Disinfection in Space

In space missions, the chances of the contamination may arise from different assem-
blies, which create an environment conducive for microbes to thrive. Various strains
of bacteria and fungi have been found in the spacecraft, including Staphylococcus,
Micrococcus, Bacillus, Aspergillus, Penicillium, Cladosporium. These strains were
found in the air in a study done by the USA space shuttle program. The average
pre-flight level of bacterial concentration should be 300 CFU/100 cm2, while fungal
concentrations are 100 CFU/100 cm2. Bacterial level in potable water is gener-
ally very low, and Burkholderia cepacia is the most commonly cultured bacterial
species. Different techniques of disinfection are being employed for various space-
craft missions depending upon the duration, which provides better habitability to the
crew members in the flight (Pierson 2019).

A wide variety of disinfection techniques exists, but only some of them are useful
for manned spacecraft missions. Historically, disinfection was performed by chlori-
nation, iodination, fuel cells, water condensate, and ozone, but the choice of disin-
fectant depends upon journey to journey (Gerald and Richard 1987). Long-time
missions could employ technologies which involve fewer chemicals and are energy-
intensive while shorter missions could employ chemical-based technologies due to
lesser storage facility instead of energy-intensive ones.

ATV, i.e., Automated Transport Vehicle, is a program launched by the European
Space Agency for transporting and delivering potable water to International Space
Station (ISS) (Lobascio et al. 2004). There are two different types of potable water
standards defined by Russian and US agencies which are:

1. The Russian water is mineralized and disinfected with silver.
2. The US water is minimally mineralized and disinfected with iodine.

The use of iodine was found to be reliable than chlorine for disinfection because
chlorine has higher vapor pressure, which tends to make its delivery complex. Due to
its corrosive nature, its handling becomes difficult, and reaction with organic matter
to produce DBPs makes it unsuitable to be used in microgravity. While iodine has a
lower vapor pressure, and its handling is easier. Additionally, iodine is solid at room
temperature while chlorine is a gas; therefore, iodine formed through electrolytic
method would not pass through the gas to the valve, which can happen with chlorine.
Therefore, the problem of outgassing was not found with I2 (Punyani et al. 2006).
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4.4.1 Disinfection via Iodine

Iodine was firstly used to control microbial contamination in the First World War
to disinfect drinking water for troops. The US Army in the Second World War
used iodine in the form of globulin (tetraglycine hydroperiodide). Iodine has been
employed in various ways comprising of organic iodine compounds, iodophors, and
iodine incorporated resins (Backer and Hollowell 2000).

NASA used the iodine-polyvinyl pyrrolidone complex for the controlled release
of iodine on its flights at the levels of 2–3 µg/mL of molecular iodine I2 and 0.5–
1.5 µg/mL of iodide. The complexation of molecular iodine with ligands enhances
its bioavailability, provides complexation sites for biological activity, and changes its
morphology (Moulay 2013). Although the main biocidal effect is caused by iodine
as iodide has no biocidal property, and it just goes inside the body and gets absorbed
by the blood. AMicrobial Check Valve (MCV), a flow-through device containing an
iodinated polymer, was made, which imparts a bacteriostatic residual concentration
up to 2 mg/L (Little et al. 2020).

An enzyme-based iodine disinfectant system is discovered, which included a
two-stage iodine resin filter. Firstly, microfiltration is employed to remove cryp-
tosporidium oocysts that are resistant to halogen disinfection, and the next stage
includes granulated activated charcoal to further reduce the concentration of iodine
in effluent water. A pentaiodide resin was investigated by NASA for the US space
mission, which contains more than 70% of elemental iodine. This resin has a low
residual effect but can provide effective disinfection by killing bacteria up to 109

CFU/mL with the contact time of 10 s with the resin (Punyani et al. 2006).

Disadvantages of iodine usage

NASA has employed various iodine-based composites for disinfection; however,
significant drawbacks of its use had found on the health of crew members. Iodine
species accumulate in the thyroid and produce a noticeable change in the taste of
drinking water. Additionally, it may also result in the iodine disinfection products,
which could be either allergic, cytotoxic, or genotoxic (Thorstenson et al. 1987).
Thus, it becomes necessary to remove the bulk of the iodine before consumption. An
activated carbon exchange iodine removal unit (ACTEX) is used for removing the
iodine, which increases the consumable cost and burdens up the Equivalent System
Mass (ESM) of the iodine system thus, makes the system prohibitive for extended
duration missions (Roberts et al. 2007).

4.4.2 Disinfection by Silver

Silver is found to be an effective biocide and provides a potential advantage over
iodine and could be safely consumed by the crewmembers if released in a controlled
way. It has been employed by the Russian Space Agency for disinfection purposes.
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The agency uses silver via an electrochemical method for releasing the silver ion in
the formof ionic silver or colloidal silver (Li et al. 2018). The precipitateAgCl formed
is removed through microfiltration, and the water is transported to a container coated
with silver. The material compatibility is one of the issues, and wetted materials
of construction are required for maintaining the biocidal concentration of silver to
adequate levels (Roberts et al. 2007).

Silver is a potent antimicrobial agent and, once taken in the body, can subsequently
cross biological barriers and accumulate in the tissues, including lungs, kidneys,
stomach, brain, and blood. In spacecraft, oral ingestion can be the main route for
silver exposure. Thus, to take care of the harmful effects of silver accumulation,
strict regulations have been set up by the space agencies. The maximum allowable
concentration of silver in a 100 days mission is 0.36 ppm/day (Lobascio et al. 2004).

A silver-coated filter media has been used in which silver was coated on the sand,
diatomaceous, and clay-like material by AgNO3 solution followed by heating. The
increase in contact time was achieved by keeping the disinfected water in a container
containing silver nitrate solution. The concentration of the silver is maintained to
be in the range of 10–50 ppb. Another method involves the use of activated carbon
doped with the silver atom. Ion-exchange resin has also been used in several flights,
such as silver zirconium resins (Ag-Zr-P), which is a silver substituted hexagonal
zirconium phosphate (Li et al. 2018). A recently developed technique by NASA for
the active release of silver in the solution is being developed. Silver nanoparticles
incorporated polyurethane foam has found to be an effective biocide along with the
controlled release of silver ion to prevent the accumulation of it in the body, as shown
in Fig. 4.6 (Lee et al. 2020). This method compatibility with various materials has
been checked for its suitability for long term space missions. Polyurethane foam is
found to be a compatible material that is widely used for packaging and does not have
any stability issues. This method was proved to be a fruitful way to deliver silver in
a controlled manner; however, more testing on its suitability needs to be performed
(Lee et al. 2020).

4.4.3 Electrochemical Systems for Disinfection

Currently, the US and Russian space agency are relying on iodine and silver-based
disinfection. However, a secondary method for disinfection has to be investigated
for a future space mission. NASA has examined electrochemical systems generating
ozone, hydrogen peroxide, peracetic acid, and sodium hypochlorite (Rodriguez et al.
2013).

An electrochemical hydrogen peroxide generator was invented by using a gas-
diffusion anode and a platinized titanium cathode, which are separated by a cation-
exchange membrane. The process produced high purity H2O2 as there was no use
of any chemicals in the medium, and only 2-electron oxygen reduction happens on
the cathode. The catalyst mix contains a quaternary ammonium compound, which
enabled enhanced production and current efficiency of the process (Tennakoon et al.
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Fig. 4.6 A schematic showing polyurethane foam incorporated silver ion disinfection process in
space. Adapted and modified from (Lee et al. 2020)

2010).Anothermethod for generating ozone for short-termmissionswas examined in
which cathode and anodewere separated by a proton exchangemembrane,whichwas
made up of perfluorinated sulfonic acid polymer: theO3 andO2 gases generated at the
anode while H2 is generated at the cathode. The composition of ozone in the mixture
of gases was separated by choice of electrolyte, which produces high overvoltage
for oxygen generation. The gases were collected, diffused in the water, and sent for
the ozone consumption process. Also, a refrigeration subsystem was there, which
removes the heat generated by the electrolyzer and maintains temperature around
35 °C to enhance the dissolution of ozone for a longer time (Johnson 2003).

4.5 Nanocarbon Materials for Water Disinfection

Carbon-based nanomaterials have revolutionized the whole era of water disinfection
system by engaging it’s unique, state-of-the-art properties towards bacterial inhibi-
tion (Wang et al. 2019b). Various types of carbon-based nanomaterials have been
evolved and studied for a gamut of applications ranging from biological applications
to electronic media. However, the interactions of nanocarbon materials with human
cells, i.e., the toxicity issues, constitute a significant concern (Li et al. 2015). Along
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Fig. 4.7 Different types of carbon-based nanomaterials. Reprinted (adapted) with permission from
(Mauter and Elimelech 2008). Copyright (2008) American Chemical Society

with this, its cost, recyclability, reusability, and sustainability issues still need to be
revamped (Jin and Maduraiveeran 2018).

The various types of carbon-based nanomaterials include graphene, graphene
oxide (GO), reduced graphene oxide (rGO), carbon nanotubes, nanodiamonds,
fullerenes, carbon dots, graphene quantum dots and laser-induced graphene (LIG) as
shown in Fig. 4.7. The physicochemical, thermal, or photocatalytic transmogrifying
effects may ameliorate the properties of these materials for effective action.

4.5.1 Fullerenes

Fullerene is one of the allotropes of carbon, and the most common one is Buck-
minsterfullerene, i.e., C60. The other one includes C540, C70, etc. having structure
similitudes to a football containing hexagonal and pentagonal rings. Fullerenes are
inert and do not exhibit any antimicrobial property instead when chemically modu-
lated with chemical reagents. They promote the light-induced generation of reactive
oxygen species (ROS) which causes lipid peroxidation, cellular component leakage,
DNA damage, etc. (Wang et al. 2019b).

4.5.2 Nanodiamonds

Nanodiamonds are nano-sized diamonds having a size range of 2–10 nm comprising
sp3 hybridized carbon core with an sp2 hybridized carbon shell prepared by the deto-
nation of explosive materials (Mochalin et al. 2012). The antibacterial property of
the material could be obtained by modifying the surface chemistry. The functional-
ization of the surface is an essential aspect of the antimicrobial action of the mate-
rials. Chemically reconstructed nanodiamonds, more specifically partially oxidized
negative surfaces, show antimicrobial properties (Mochalin et al. 2012; Wang et al.
2019b). Glycan modified nanodiamonds show enhanced antibacterial activity with
comparatively less cytotoxicity. A copolymer functionalized nanodiamond creates
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hydrophilic effects via cations embedment, creates repulsive behavior in the mate-
rial, leading it to break in exceedingly small particles ranging from 1 to 10 nm,
respectively. This type of technique has elucidated the way of nanomaterial size
miniaturization, which helps in driving the physicochemical properties for intended
applications (Barras et al. 2013).

4.5.3 Carbon Dots

Carbon dots or carbon quantum dots are semiconducting materials used in
various optoelectronic or biomedical applications due to photoluminescent, highly
conducting, and large surface area properties. Various studies have depicted their
antimicrobial properties against various species. Carbon dots do not exhibit toxicity
to cells until modified by some capping agent and show comparatively less cyto-
toxicity than other carbon precursors (Liu et al. 2015a). Their structure resembles a
conjugated center with some oxygenated functional groups like carboxyl, hydroxyl,
and aldehyde. Carbon dots are a mixture of both graphene quantum dots and carbon
quantum dots but exhibit differences in terms of crystallography (Scheerschmidt and
Werner). Graphene quantum dots are sp2 hybridized and crystalline, while carbon
quantum dots are sp3 and amorphous. Along with this, their morphologies might
differ depending upon the nature of the precursor used, which leads to a different
surface to volume ratio, hydrodynamic diameter, and biocompatibility. They can be
prepared by either top-down or bottom-up approach, but the most preferable one is
the bottom-up approach because it provides the flexibility of the precursor used and
creates less to almost no wastage than top-down approach (Wang et al. 2019a).

A recent study showed bacterial inhibition against gram-positive bacteria
comprising Staphylococcus aureus, Methicillin-resistant Staphylococcus aureus
(MRSA), Staphylococcus epidermis, Enterococcus faecalis. In this study, quater-
nary ammonium carbon dots were prepared by 2,3-epoxytrimethylammonium chlo-
ride and diallyl dimethylammonium chloride via a green synthesis (Zhao et al. 2020).
Along with this, various studies have been performed with doped photocatalysts to
heighten the antimicrobial or electronic properties. The multiple factors which affect
the properties of carbon dots include surface charge, size, and surface curvature of
the substance, i.e., the surface curvature of the material should match with bacteria
for proper association (Wang et al. 2019b).

4.5.4 Graphene and Laser-Induced Graphene

Graphene is prepared by either exfoliation of graphite or by a thermo-chemical
bottom-up approach using carbon precursors. Graphene has been extensively studied
for its antimicrobial properties due to its sharp edges, which, when perpendicularly
interacts with the cell membrane damages it and leaks out the cellular components
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present inside it (Pham et al. 2015). Graphene oxide, a derivative of graphene with
the oxidized functional group present on the basal plane and the edges of it. The func-
tionalization with oxygen-containing atoms makes it hydrophilic, which engages its
property against biofouling and microbial attachment. In some cases, doping with
various metal nanoparticles can lead to the generation of ROS, which disrupts the
antioxidant defense system along with lipid peroxidation or DNA damage, as shown
in Fig. 4.8. A wide variety of studies have been carried out on functionalization or
reconstruction of graphene structure with various doped heteroatoms or photocata-
lysts or by using environmentally non-hostile precursors, which makes it a versatile
agent for deactivating a broad range of microbial species (Moosavi et al. 2015).

Laser-induced graphene a 3-D porous carbon-based nanomaterial that is prepared
by scribing laser on any carbonaceous surface (Ye et al. 2019). It has explicitly
shown remediating properties for environmental systems, whether it is water or air
(Singh et al. 2017; Stanford et al. 2019). LIG based electrochemical filtration tech-
nique had shown a great replacement of metal-based electrochemical disinfection
method due to its high surface area and conductivity (Singh et al. 2017). The tune-
able property of the nanomaterial could make it super hydrophilic, i.e., contact angle
= 0 °C, which hinders the biofilm formation over the surface (Li et al. 2017; Singh
et al. 2018b). These properties provide an ideal solution over various chemicals
and energy-intensive disinfection processes, which have numerous disadvantages in
terms of energy, cost, and suitability.

Fig. 4.8 Antimicrobial action of graphene-based nanoparticles. Reprinted (adapted) with permis-
sion from (Zou et al. 2016). Copyright (2016) American Chemical Society
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4.6 Mechanism of Electrochemical Disinfection by LIG

Carbon materials have proven to be a propitious solution for the electrosynthesis
of hydrogen peroxide due to their high ampleness, electro-reduction activity, and
low cost. Different carbon materials like graphite, carbon fibers, N-doped porous
carbon fibers, and carbon nanotubes, etc. have shown electro-reduction activity for
the synthesis of hydrogen peroxide (You et al. 2012).

Laser-induced graphene is a carbon-based nanomaterial whose excellent surface
property inhibits bacterial attachment onto it. The surface charge or zeta potential of
theLIGcreates electrostatic repulsion to the bacteria, therebyhindering the adherence
of it. Along with this, when it is used as an electrode, it can act as an electro-catalyst
to generate hydrogen peroxide (Singh et al. 2017). Its high surface area, large porous
volume, and good electrical conductivity make it an ideal material to behave as
electrode surfaces. The electrochemical generation of hydrogen peroxide can occur
either via a two-electron transfer oxygen reduction reaction or a four-electron transfer
water reduction (Das et al. 2020).

The H2O2 generation reaction scheme is complex because of the simultaneous
formation of consecutive reactions, all of which are thermodynamically favorable
and exothermic. Among these, the unwanted reactions are—(a) the formation of
water (Reaction 4.3), (b) the decomposition of hydrogen peroxide (Reaction 4.1),
and (c) the reduction of H2O2 (Reaction 4.2) as shown in Fig. 4.9. Each of these
reactions can be favored depending upon the type of catalyst used, the promoters, or
additives in the reaction medium.

Fig. 4.9 A scheme of reactions involving in synthesis, decomposition, and reduction of hydrogen
peroxide. Adapted and modified from (Das et al. 2020)
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4.6.1 Advantages of Carbon-Based Electrode

Carbon-based electrodes reduce the overpotential of oxygen, thereby favoring the
reduction of oxygen, thus, increases the selectivity of the reaction. The use of carbon-
based materials facilitates oxygen transfer on the electro-catalyst at atmospheric
pressure by providing high surface area. These types of electrodes promote specific
sites at which hydrogen peroxide generation occurs. Also, it has been shown that the
oxidation treatment of nanostructured carbon generates abundant oxygen functional
groups, which may tailor the electronic structure of carbon material significantly to
modulate their O2 reduction activity. The calculations shown by density functional
theory depicts that carbon atoms which are adjacent to the oxygen functional group
like -COO and C-O-C are the active sites for oxygen reduction (Lu et al. 2018).

One of the studies on carbon nanotubes found that these graphene folded tubes
reduced the overpotential of the oxygen reduction reaction up to 0.06 V. The over-
potential of this reaction mainly occurs due to hydrogenation of oxygen or reduction
of OOH* to form H2O2, as shown in the reactions (4.11–4.13) (Lu et al. 2018).

O2 + H2O + e− → OOH∗ + OH− (4.11)

OOH∗ + e− → HO−
2 (4.12)

HO−
2 + e− → H2O2 (4.13)

4.6.2 The Electrochemical Generation of Hydrogen Peroxide
on Electro-Conductive LIG Electrodes

Electrochemically hydrogen peroxide is generated when carbon-based laser-induced
graphene electrodes are used. The background electrolyte causes different impacts
on the production of hydrogen peroxide (Singh et al. 2017).

1. NaCl as electrolyte

H2O2 production is less when NaCl is present. Since the reduction potential of OH2
−

ions are higher than Cl− therefore, preferentially hydrogen peroxide is formed via
reduction on the cathode. While on the anode reactive chlorine species (RCS) like
dichloride radical anion (Cl2), hypochlorous acid (HOCl) and hypochlorite (OCl−)
get oxidatively generated (Lim and Hoffmann 2019).

Anode : −2Cl−(aq) → Cl2(g) + 2e− (4.14)
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Cathode : −O2(g) + 2H+(aq) + 2e− → H2O2 (4.15)

Despite the oxidation of chlorine at the anode, no chlorine gas or reactive chlorine
species was detected. Reactive chlorine species (RCS) contribute to the decomposi-
tion of hydrogen peroxide. The bimolecular rate constant for the reaction of OCl−
with H2O2 at Pka = 7.6 is 7.5 × 103 M−1S−1

, which is very high (Barazesh et al.
2015).

Along with low H2O2 production, the concentration of reactive oxygen species
is too low to be detected. It might have occurred that RCS generated on the anodic
surface gets reduced back to chloride on the cathode since cathodic chloride reduction
is competitive with the reduction of O2, leading to H2O2 production. Reactions 4.16–
4.21 are showing different ways by which cathodic reduction of RCS can occur.

H2O2 + Cl. → HOO. + H+ + Cl− (4.16)

H2O2 + Cl−2 → HOO. · +H+ + 2Cl− (4.17)

H2O2 + HClO → H2O + O2 + H+ + Cl− (4.18)

H2O2 + OCl− → Cl− + O2 + H2O (4.19)

HClO + H+ + 2e− → Cl− + H2O (4.20)

OCl− + H2O + 2e− → Cl− + 2OH− (4.21)

Therefore, low concentrations of hydrogen peroxide generation in NaCl elec-
trolyte could occur due to reaction with reactive chlorine species and competitive
reduction between oxygen and chloride (Yu 2004).

2. Na2SO4as electrolyte

It was observed that hydrogen peroxide generation was significantly increased when
Na2SO4 is used as an electrolyte. It may be assumed that the anodic oxidation of
sulfate (SO4

2−) may have been occurred to form (SO4
.−). Also, less to no decompo-

sition of hydrogen peroxide might have occurred because it is decomposable only in
alkaline conditions. Above pH 5–6, the decomposition of theH2O2 increases sharply.
Although the anodic decomposition of hydrogen peroxide and sulfate ion is compet-
itive due to the high oxidation potential of H2O2 than sulfate (Lim and Hoffmann
2019).
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4.6.3 Electroporation

Another mechanism that could happen is electroporation. Electroporation is a
phenomenon in which destabilization of specific regions in the cell membrane occurs
when the induced transmembrane potential becomes greater than the critical trans-
membrane potential or threshold membrane potential under the influence of direct
electric field as shown in Fig. 4.10 (Liu et al. 2013). The destabilization causes
the nano-sized pore to expand either reversibly or irreversibly depending upon the
strength of the electric field, and the range lies between 0.5 and 25 mV in case of
reversible electroporation while for irreversible electroporation it can go up to 1 kV
(Calvin and Hanawalt 1988). In reversible electroporation, the pore gets resealed
after a certain time when the electric field is removed, unlike irreversible electropo-
ration in which the pore expands, and complete deformation occurs, which leads to
cell lysis or cell death (Kotnik et al. 2015).

Factors depend upon electroporation (Chang et al. 1991):

(a) The geometry of the cell
(b) Conductivity
(c) Permittivity
(d) External medium
(e) Applied electric field
(f) Type of electrode
(g) No. of pulses
(h) Time duration applied for an electric field.

Electroporation causes the realignment of phospholipids present in the cell
membrane. The lipid bilayer configuration gets changed and separated by a pore,
which permits the passage of extracellular material to pass through the membrane.
Disruption of the metabolic process and change in the shape of cells occurs along
with the production of toxic products, which eventually leads to death. As a result of
the induction of the electric field, the nano-sized pore expands exponentially in size

Fig. 4.10 Schematic showing electroporation in the cell membrane under the influence of the
electric field
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and number and thereby increases the permeability of exogenous materials inside
the cell membrane, which is known as electropermeabilization (Aslam et al. 2019).

4.6.4 Mechanism of Hydrogen Peroxide Interaction
with the Cells

Hydrogen peroxide is a widely known disinfecting agent used for sterilizing various
items such as food, medical devices, water, etc. In biology, it is known as the primary
transmitter of redox signals (Särkkä et al. 2015). It reacts poorly with most of the
biological molecules due to its low activation energy. However, it’s one-electron—
reduction product, i.e., hydroxyl radical, is highly oxidative (Eo = 2.31 V) and have
high reactivity due to its low activation energy. The oxidation reactions occur mostly
at close to the diffusion-controlled rate (Winterbourn 2013). The major attribute to
biological damage by H2O2 is due to the generation of hydroxyl radicals, reactions
with transition metal centers, and redox signaling to oxidation of thiol proteins in
regulating pathways (Imlay 2003).

Many studies have shown that it is reactive with proteins, lipids, and nucleic acids,
which are the vital components in a cell. Metals like iron and copper cleave the O-O
bond, which is electrophilic to form hydroxyl radicals or activated metal complexes
that oxidize better than H2O2 like low molecular weight chelates, heme peroxidases
or redox-active metalloproteins like iron/sulfur proteins. The activity of the protein is
rendered by the oxidizing modified amino acids at the binding sites. Low molecular
weight thiols like cysteine can directly be targeted by H2O2. Thiols get oxidized to
sulfenic acids, which again can be oxidized to sulfinic acids, as shown in Fig. 4.11.
Sulfenic acid acts as an oxidative stress mediator, creates oxidative stress in the

Fig. 4.11 A schematic showing reaction of hydrogen peroxide with thiol- group to form sulfenic
acid, a main precursor for inducing oxidative stress. Adapted and modified from (Winterbourn
2013)
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microbes leading them to stop proliferation and, ultimately, death even in mill molar
concentrations, which is beyond physiological relevance (Imlay 2008).

4.7 Metal Nanoparticles as Antimicrobial Agents

Metal nanoparticles have been vastly used as inhibitory agents for a broad spectrum
of microbes ranging from bacteria, viruses, protozoa, and fungi. Nanotechnology
has given various techniques to tune or transform the properties of these metals on
the nanoscale, which evinced their felicitousness for antimicrobial activity. Many
studies have been published for silver nanomaterials as an effective antimicrobial
agent. Numerous transitions, metal, metal nanoparticles, metal oxides, or different
metal-based complexes have shown potent disinfectant properties for plenty of appli-
cations. Silver-based nanomaterials have been extensively researched for long years
and proved their versatility in various fields such as biomedicine, biosensor, disin-
fectant, cancer therapies, orthopedic infections, etc. (Foldbjerg et al. 2011; Tugulea
et al. 2014). Many other transition metals such as copper, nickel, zinc, manganese,
etc. are also effective against different microbial species and currently being further
researched for implementation (Li et al. 2019).

Factors affecting metal nanoparticles biocidal activity

The tuneable physiochemical characteristics of metal-based nanomaterials depend
upon various factors that influence their bioavailability and biocidal activity towards
microorganisms. The different factors include:

1. Size and shape: The size of the particle depicts the surface to volume ratio,
which gives the maximum available surface area to which the particle can
contact. Smaller particles give a larger surface area as compared to larger
particles. As particle size changes, changes in physicochemical properties of
the material occurs, which leads to different reactivity and surface chemistries
(Chatterjee et al. 2014). The shape is also a necessary trait to demonstrate reac-
tivity. Surfaceswith rough sides and edges are the oneswhich are highly reactive
than the one with smoother surfaces. Different nanoparticles can be prepared in
various shapes such as the square, triangular, sphere, rod, and hexagon. Among
them, the most reactive ones are triangular-shaped due to their sharp edges and
lower bonding coordination, i.e., weaker bond (Suresh et al. 2013).

2. Surface charge or zeta potential: Surface properties of the engineered based
nanomaterials are highly affected by their surface charges or zeta potential.
Surface charges influence the electrostatic attraction between the material and
microbial species for attachment and reactivity (Howes et al. 2014).

3. Method of preparation: Preparation methodologies also affect the biocidal
activity of nanoparticles. Non-toxic nanomaterials could be toxic to species if
prepared by toxic solvents such as formaldehyde, etc. The formulation of the
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material and the remnants of solvents could affect cytotoxicity in the material’s
property (Khezerlou et al. 2018).

4. Surface coating: Nanoparticles are always surrounded by some covering agent
or envelope, which affects the reactivity of the metal towards species by influ-
encing its surface charge. Different factors such as pH, type of solvent, electro-
chemical potential, and the presence of other metal ions impinge the chemical
reactivity. The surface coating also determines the fate and transport of the nano-
material by determining the overall reactivity and bioavailability of it (Khan and
Javed 2018).

4.7.1 Role of Reactive Oxygen Species (ROS)
and Genotoxicity

Reactive oxygen species are a group of species that includes oxygen radicals and
some non-radical species which are oxidizing and can form radicals. Non-radical
species include HOCl, HOBr, O3, ONOO−, O2, H2O2, etc. ROS are produced by
the reduction of water in the cells. ROS triggers the antioxidant defense system
leading to cell apoptosis. ROS production is not harmful until it gets accumulated
and starts disrupting the enzymes required for the proper functioning of the system
(Buonocore et al. 2010). In the mitochondrial membrane, the oxygen reductant is
ubisemiquinone,which is responsible forROSproduction.Different types ofROSare
produced endogenously involving mainly superoxide ion, hydroxyl ion, or singlet
oxygen. The exogenous production of ROS could occur through applications of
different nanomaterials-based chemicals, harmfulmetals, and radiations, etc. (Simon
et al. 2000).

4.7.1.1 Production of Reactive Oxygen Species (ROS)

The main sources of intracellular generation of ROS are mitochondria, endoplasmic
reticulum, peroxisomes, microsomes, and NOX complexes. During the formation
of ATP and water via mitochondria, a small amount of oxygen is produced. The
complex I NADH (ubiquinone oxidoreductase) and complex III (co-enzyme Q, bc1
complex and ubiquinone or cytochrome c-reductase) produces superoxide anion,
which is the first step of ROS generation. The anion is formed in between the mito-
chondrial matrix and intermembrane space, respectively. The metal ions released by
the nanoparticles act as catalysts and convert the superoxide ion into a more stable
hydrogen peroxide form (Dayem et al. 2017). Nanoparticles enter the cell via encap-
sulation within vesicles by endocytosis (Iversen et al. 2011). Different factors like
interaction with mitochondrial component, free radical reaction, activation of growth
factors, and NOX depend upon the formation of ROS. Extracellular generation of
ROS can also occur via xenobiotic components, radiations, and metal nanoparticles.
Metal nanoparticles such as iron (Fe), chromium (Cr), cobalt (Co), and vanadium



84 N. Dixit et al.

(Va) react with hydrogen peroxide to form OH radical via Haber–Weiss reaction in
which metal nanoparticles react with hydrogen peroxide to form hydroxyl radicals
(Valko et al. 2006).

4.7.2 Biocidal Activity of Reactive Oxygen Species (ROS)

The singlet oxygen, a potent ROS damages the DNA by directly oxidizing the
proteins, lipids, and nucleic acids. Mitochondrial dysfunction is one of the main
impacts of ROS on cell membranes and occurs when oxidative stress increases
(Rezvani et al. 2019). Nanoparticles also release endogenous NO by nitric oxide
synthase enzymes, which may lead to the association of genomic instability. A small
amount of superoxide is released during oxidative phosphorylation and is balanced by
the antioxidant enzymes such as glutathione or superoxide dismutase and catalase.
Under the attack, the mitochondrial functioning gets disrupted due to exogenous
or endogenous production of ROS, leading to misbalancing the immune system.
Also, studies have revealed that the metal ion release in the system by nanoparti-
cles increases the amount of ROS production. Some studies say that the increase in
intracellular Ca2+ showed oxidative stress in the cells (Bhattacharya and Mukherjee
2008). This effect is associatedwith oxidative injury and up-regulation of some genes
involved in oxidative stress conditions and apoptosis. The release of these species can
cause inflammatory actions. Figure 4.12 is depicting the effect of metal nanoparticles
on microbial inactivation.

ROS toxicity can also be amplified by the presence of free metal ions such as iron,
copper, andmanganese from either different metalloprotein complexes or exogenous
entry via different sources. The harmful effects of ROS include lipid peroxidation
in the cell membrane, DNA mutation, oxidative damage to proteins, and activation
to pro-cell death factors (Suresh et al. 2013). Since the property of ROS production
influenced bymetal has a huge impact on disinfection applications andmany studies,
have been proven powerful against different microorganisms.

4.7.3 Silver Nanoparticles as an Antibacterial Agent

Silver nanoparticles are particles of size in the range of 1–100 nm, which are capped
or surrounded by some agent for stability. Silver nanoparticle’s toxic effect is caused
by the release of Ag+ ion in the environment. This nanosilver, which, when reacts
with oxygen, gets oxidized to silver ion. In the process of releasing ions, particles
first tend to displace the coated agent and become unstable, and to maintain stability,
they either agglomerate or react with the oxygen to form Ag+ ion (Bhattacharya and
Mukherjee 2008).

Silver has a strong affinity for sulfur and sulfur-containing ligands, which tends
to make strong bonds with sulfur in the form of silver sulfide (ksp= 10−52) (Rezvani
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Fig. 4.12 Nanoparticles biocidal action mechanism. a Nanoparticle enters through endocytosis by
forming a bud, b cutting of cell wall is shown along with releasing of intracellular components,
c interaction of nanoparticles within the cytoplasm, d generation of ROS and interaction with
membrane proteins. Reprinted (adapted) from (Singh andDubey 2018). Copyright (2018)American
Chemical Society

et al. 2019). The silver is first up taken by the cells through diffusion and subse-
quently reactswith the thiol groups in the cellularmembrane leading tomitochondrial
dysfunction and apoptosis (Pulit-Prociak et al. 2014). Nanosilver can react with the
cell proteins activating the signaling pathways to cause antiproliferation of the cells.
They accumulate in the mitochondria and cause direct damage to the cells leading to
disruption of respiratory chain enzymes and generation of oxidative species. Some
of the experiments have shown that the damage in the fibroblasts membrane allows
calcium influx and causes intracellular calcium overload, which further exaggerates
ROS production (Marambio-Jones and Hoek 2010).

Nanosilver interacts with the cell by adsorbing on the surface of the cell. The
surface chemistry plays a vital role in the interaction of nanosilver with the extracel-
lular proteins in the cell. pH, potential difference, and NaCl concentration are crucial
for surface interaction. The cellular uptake of nanosilver also depends upon the size
and shape of the cell. The cytotoxicity of the nanosilver is also responsible due to the
production of ROS in the cells, which triggers the cellular antioxidant mechanism in
the system. When ROS generation exceeds the capacity of the cellular antioxidant
defense system, it depletes glutathione and protein-bound sulfhydryl groups leading
them to cause apoptosis (Durán et al. 2016).
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Nanosilver binding with proteins and amino acids causes DNA damage. It can
cause protein corona, unfolding of the protein, leading to protein disruption. Confor-
mational changes in the protein structure occur due to the breaking of hydrogen
bonds between the alpha-helices and an increased number of beta-pleated sheets.
Direct interaction of DNA with nanosilver can cause genotoxicity (MiclǍuş et al.
2016).

4.7.4 Silver Nanoparticles as an Antiviral Agent

Viruses are known to cause various health infections to humans and animals. They are
very small-sized particles having unique characteristics. As they do not have enzymes
for synthesizing proteins, they hijack the protein synthesis machinery of the host
organism and produce necessary proteins that they require to multiply. Viruses are
intracellular parasites and show tissue tropism, i.e., they have a specific host range.
The viruses have a protein coat called capsid that protects the genome present inside;
it may either composed of RNA or DNA. The genomes are contained in virions
whose function is to protect the genome and to deliver it into cells in which the virus
can replicate (Nelson and Cox 2004). The virus binds to the cell either by spikes,
which are tissue-specific sites for the host or by the fusion through the envelope.
The genome enters the cytoplasm by release through the capsid. Then transcription
of viral genome occurs, and viral mRNA directs protein synthesis. Finally, genomes
replicate together with viral structural proteins and assemble new virions, which are
then released from the cell (Khan and Javed 2018).

As silver has a considerable affinity to bind with sulfur and sulfur-containing
molecules, it tends to bind with the glycoproteins present on the spikes, which tend
to prohibit the entry and attachment with the host cell. It also tends to bind with
phosphates, which directly attaches with the DNA molecules and could stop the
replication, thereby decreasing the infectivity. Since the biological interactions are
multivalent, the interplay between the microbes and the host cell requires different
copies of receptors and ligands, which binds in a coordinated manner (Khandelwal
et al. 2014). Themicrobes are unlikely to develop resistance by the silver as silver acts
on a broad range of targets in the microbial species. For example, in HIV, the most
prominent target of silver is the sulfide-bearing glycoprotein knobs. The inactivation
of bacteriophage MNV-1 occurred by the interaction of silver with capsid proteins.

4.7.5 Copper Nanomaterial as Antimicrobial Agent

Copper is an essentialmicronutrient for the bodyused for variousmetabolic activities.
It is an abundant metal found in a variety of rocks andminerals. Copper is a transition
metal having an electronic configuration of a completely filled d shell. It is quite
stable and unreactive towards mammalian cells but could lead to toxicity if it can be
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oxidized to form a cuprous or cupric ion. Copper nanoparticle toxicity is related to
the decapsulation of the surface coating leading to the ingression of the copper ion
into the solution. The nanoparticles released are too reactive that it may either be
agglomerate with other nanoparticles to form clusters or can react with something at
first place depending upon the affinity of the particle to coordinate or form a bond.
There are three main processes by which conversion and mobility of the nanoparticle
is being influenced, i.e., precipitation, complexation and adsorptionwhichdetermines
its bioavailability, fate, and transport (Flemming and Trevors 1989).

There are not many studies available to reveal the actual toxicity mechanism
of copper nanoparticles, but few of them are known and widely accepted. These
involve; (1) accumulation of nanoparticles in the cell membrane, which leads to
change inmembrane permeability and leakage of intracellular enzymes, lipopolysac-
charides proteins, and intracellular biomolecules, (2) Formation of reactive oxygen
species with corresponding oxidation of cellular components, (3) Ingestion of metal
ions followed by interaction with DNA or proteins to prevent DNA replication and
ATP synthesis (Grass et al. 2011). One of the studies had contemplated that the
linoleic acid capped copper nanoparticle inactivates the enzymes in the cells by
generating hydrogen peroxide. In another study, the copper and -SH group bonding
was hypothesized, which led to protein denaturation. It has been elucidated that the
copper nanoparticles strive on cell membranes because of their affinity for phos-
phates, carboxyl, sulfur, and amino groups (Ingle et al. 2014). Some studies have
shown that copper can act on respiratory enzymes in the cellular membrane, which
was evidenced while recovery of injured E. coli, which started following fermen-
tative pathways due to reduced oxygen levels (Thurman and Gerba 1989). Copper
nanoparticles inhibit viral proteins by the generation of ROS, which causes capsid
oxidation (Rai et al. 2014).

4.8 Conclusion

Halogens like chlorine and iodine, due to their significant oxidation potential, are
being employed as disinfecting agents. Chlorination is one of the oldest, yet most
widely used technology for water disinfection but possesses various limitations in
terms of handling and excessive exposure. Due to outgassing problems, it has been
replaced by iodine in microgravity. Electrochemical disinfection has certain advan-
tages over conventional disinfectionmethodologies, including its eco-friendly opera-
tion, lowcost, and chemical-free usage but suffers drawbacks like charge reversibility,
overvoltage, and low current efficiencies. These obstacles could be rescued by using
electrode material, having better electrocatalytic properties. Carbon-based nanoma-
terials have found to be excellent material for replacing conventional metal-based
electrodes, and one of them being is Laser-Induced Graphene (LIG). It is a novel
material that can be prepared easily by laser scribing on any carbonaceous surface.
Its excellent surface property inhibits microbial growth and makes it an antimicro-
bial surface when employed under the electric field as membranes. Additionally,
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metal-based nanoparticles due to their potential biocidal effect generate oxidative
stress in the microbes and acts as antimicrobial surfaces. However, the biocidal
activity can be modified on the nanoscale by varying their physicochemical proper-
ties. These materials exert their action via ion release followed by interaction with
various components inside the cell depending upon their affinity to form bonds and
could be employed with different nanoparticles for upsurging the microbial inacti-
vation process. The impeccable properties of these nanomaterials could be applied
in the form of either composites or hybrids for various point-of-use or large-scale
water disinfection systems for enhanced antimicrobial action.
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Chapter 5
Application of g-C3N4-based Materials
for the Efficient Removal
and Degradation of Pollutants in Water
and Wastewater Treatment

Karthik Rathinam, Meenakshi M. Nara, Ibrahim M. A. ElSherbiny,
Imran Ali, and Stefan Panglisch

Abstract The existence of the several pollutants in water resources has led the water
unfit for consumption or reuse, and eventually becoming one of the greatest threats
to the environment and human health. Pollutants in water are not desirable even if
they have less toxicity, therefore, they must be either removed or degraded. Despite
several materials reported, polymeric materials have been widely suggested and used
nowadays in water treatment applications to get rid-off the multiple pollutants. In
this context, graphitic carbon nitride (g-C3N4), a two-dimensional organic polymeric
material is emerging as effective adsorbent and photo-catalyst for the rapid removal
and degradation of various pollutants fromwater. Therefore, this chapter is devoted to
summarizing the latest applications of g-C3N4-based materials in water and wastew-
ater treatment processes. Moreover, the challenges and future perspectives of the
g-C3N4 is also discussed in this chapter.

Keywords Pollutants · Carbon nitride · Adsorption technology · Photocatalytic
degradation ·Water treatment

5.1 Introduction

Water pollution by various organic and inorganic pollutants is a challenging problem
globally. The adverse effect of the pollutants on the environment has become one
of the greatest threats worldwide. Primary sources for such pollutants are attributed
to geological processes and anthropogenic activities. Pharmaceuticals and personal
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care products (PPCPs) have been widely used today. Due to the massive production
and consumption, PPCPs have been emerging as amajor group ofmicro-pollutants in
water. Nowadays, more than 200 pharmaceuticals have been identified in river waters
globally. Though PPCPs adverse effects on human beings have not been revealed yet
these has been proven on aquatic systems, especially on fish.

The presence of heavy metals such as lead (Pb), arsenic (As), chromium (Cr),
mercury (Hg), cadmium (Cd), etc., inwatermay result in carcinogenic andmutagenic
effects to both human and aquatic life systems. Moreover, these heavy metals are
non-biodegradable and highly toxic. Upon intake, heavymetals tend to accumulate in
enzymes, and they act as strong inhibitors to numerous physiological and biochemical
processes in living organisms. In recent years, human exposure to heavy metals has
been raised dramatically because of the exponential increase in the use of heavy
metals in industries such as mining, coal and petroleum consumption, dyes and
pigments, chrome plating, battery, etc.

With the continuous growth in population, the production of food items has
also become intensive. Meanwhile to ensure more crop production, the usage of
pesticides, insecticides and fertilizers are also increased substantially in agricultural
sectors. It is obvious that these extensive activities resulting in contamination of
groundwater and surface water bodies and posing a serious problem to all the living
species. Eutrophication is one of the major problems encountered in surface water
due to the increased amount of nutrients in water. Furthermore, excessive levels of
nitrate in drinking water lead to methemoglobinemia in human beings.

Water pollution by crude oil is yet another factor that harms the environment
especially terrestrial and aquatic ecosystems. The primary causes are including oil
spillage accidents, oil leakages, and oilywastewater discharge to thewater. The crude
oil consists of mixtures of aliphatic, aromatic, and heterocyclic hydrocarbons. Until
now, several oil spillage accidents have been reported across the world (Atlas and
Hazen 2011; Fayad 1986; Horn and Neal 1981; Islam et al. 2018, Patton et al. 1981).

Dyes have found a wide range of applications in textile, paint, paper, cosmetics,
food processing, etc. According to Yagub et al., the textile industries across the
world consume more than 10,000 tons/year of dyes and discharge approximately
100 tons/year of dyes to the water bodies (Yagub et al. 2014). Inappropriate disposal
of dyes to the water streams could certainly affect the water qualities and make water
bodies unfit for usage. Therefore, dyes are also considered as one of the important
water pollutants that must be treated properly.

To address these critical issues, polymeric materials have been widely employed
to treat contaminated water sources (Rathinam et al. 2019, 2018; Rathinam and
Singh 2020). In this context, graphitic carbon nitride (g-C3N4), a two-dimensional
structured organic polymeric material has been receiving more attention today and
found quite a number of applications in various disciplines of science. Berzelius and
Liebig havefirst discovered the carbon nitride polymer in 1834 and named as “melon”
(Liebig 1834). g-C3N4 is the most stable allotrope of carbon nitride under ambient
conditions. g-C3N4 polymer is consisting of covalently linked, sp2 hybridized carbon
and nitrogen atoms besides some impurity hydrogen atoms, which are connected
via tri-s-triazine framework. In addition, it has basic surface functionalities, high
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Fig. 5.1 Synthesis of g-C3N4 polymer from various precursors

electron-rich properties, H-bonding motifs due to the presence of N and H atoms,
and high thermal stability either in the presence of O2, N2 or air atmosphere. Further-
more, it has high chemical stability in various solvents including (water, alcohols,
dimethylformamide, tetrahydrofuran, diethyl ether and toluene (Zhu et al. 2014) and
also possessed high thermal conductivity and tensile strength as well (Mortazavi
et al. 2015).

The g-C3N4 can be prepared fromvarious nitrogen-rich sources such asmelamine,
urea, cyanamide, dicyandiamide, etc. The typical synthesis of g-C3N4 polymer
from various precursors via thermal polymerization (i.e. pyrolysis) is shown in
Fig. 5.1. Despite g-C3N4 has versatile applications in solar cells, gas sensors, CO2

storage, metal-free catalysis, energy storage and conversion, energy production, etc.,
this overview focuses on the potential applications of g-C3N4 as adsorbent and
photocatalyst in water treatment applications.

5.2 Removal of Pollutants from Water Using g-C3N4-based
Adsorbents

Owing to the similar analog with the graphene, g-C3N4 has also been widely recog-
nized as an adsorbent in water treatment processes for the removal of various pollu-
tants includingmicropollutants, dyes, heavymetals, etc. (Yazdankish et al. 2020). The
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built-in nitrogen functional groups, excellent textural parameters, moderate surface
area and porous structuremake g-C3N4, a powerful adsorbent in various applications.
For instance, Xiao et al., prepared g-C3N4 nanosheets from the guanidine hydrochlo-
ride with a thickness less than 1.6 nm and specific surface area of 111.2 m2 g−1 for
the removal of both anionic and cationic heavy metals such as Cr(VI), Cd(II), and
Pb(II). The tri-s-triazine units and nitrogen containing groups of the g-C3N4 were
found to be responsible for the adsorption process. The reported adsorption capacities
of g-C3N4 for Cr(VI), Cd(II), and Pb(II) were 684.5, 123.2 and 136.6mg g−1, respec-
tively (Xiao et al. 2019). In another work, g-C3N4 nanosheets were prepared from
melamine for the remediation of actinides and lanthanides (Eu(III), La(III), Nd(III)
and Th(IV)) from aqueous solutions. The results revealed the excellent adsorption
performance of g-C3N4 with the maximum adsorption capacity of 155 mg g−1 for
Eu(III), 122.3 mg g−1 for La(III), 132.5 mg g−1 for Nd(III), and 185.6 mg g−1 for
Th(IV). Moreover, it was found that the ionic strength of the adsorption medium did
not influence the adsorption process, while pH influenced significantly the process
(Liao et al. 2018b).

Exfoliated and un-exfoliated g-C3N4 nanosheets were developed and used for
the removal of various heavy metals including Cu(II), Mn(II), Zn(II), Pb(II), Fe(III)
and Cd(II) from synthetic water and acid mine drainage from the Sungun copper
mine in Iran. The exfoliated g-C3N4 showed remarkable adsorption capacities for
the heavy metals than the un-exfoliated g-C3N4, due to the increase in active surface
area (Dehkharghani 2019).

g-C3N4 derived from urea was also tested for the removal of Pb(II) and aniline
from water through batch experiments. Although g-C3N4 showed high adsorption
performance, the removal of Pb(II) and anilinewas strongly dependent on pH, contact
time, ionic strength, and temperature. At pH < 7.0, the adsorption of Pb(II) was
dominated by ion-exchange or outer sphere surface complexation, whereas at pH >
7.0, the inner sphere complexation has played a major role. In the case of aniline, at
pH < 5.0, the adsorption was attributed to the electrostatic interactions, while at pH
> 5.0 the adsorption was attributed to π-π electron donor–acceptor interactions (Hu
et al. 2015).

Furthermore, the preparation conditions were found to affect the adsorption
capacity of g-C3N4 for various pollutants. For example, Cai et al. obtained g-C3N4

by pyrolysis of urea and investigated the influence of preparation conditions on the
recovery of Cd(II) and methylene blue (MB) from contaminated water. It was seen
that g-C3N4 prepared at 550 °C showed the best adsorption capacity for Cd(II) and
MB (Cai et al. 2017). Additionally, Pb(II), Cu(II), Cd(II), and Ni(II) containing water
was treated using g-C3N4 synthesized from melamine using a salt melt method. It
was reported that the adsorption capacities of g-C3N4 for Cd(II) and Ni(II) were
relatively low compared to Pb(II) and Cu(II). It was ascribed that the adsorption of
heavy metals on g-C3N4 was driven by the Lewis acid-base interaction followed by
a strong surface complexation mechanism (Shen et al. 2015).

Mesoporous carbon nitride (MCN) has been developed by different chemical
methods and used for water treatment applications. In a study by Yan et al., meso-
porous silica SBA-15 was used as a template for preparing MCN for the adsorption
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of perfluorooctane sulfonate (PFOS). It was revealed that the adsorption capacity of
MCNfor PFOSwas increased from433.7 to 625mgg−1 when the calcination temper-
ature was decreased from 873 to 673 K. Also, the extent of removal of PFOS was
observed to decrease with increasing pH value. Hydrophobic and electrostatic inter-
actions between PFOS and the basic groups ofMCN controlled the PFOS adsorption
onto MCN (Yan et al. 2013).

To make use of the basic sites present in MCN, selective removal of the slightly
acidic phenol was also performed. The removal of phenol by MCN was compared
with the commercially available activated carbon and CMK-3-150. The adsorption
capacity of MCN was found to be 2.7 and 1.29 times higher than that of activated
carbon and CMK-3-150, respectively. It was concluded that -NH and -NH2 groups
in MCN could effectively contribute to the removal of toxic phenol (Haque et al.
2010).

In parallel, MCN was prepared from dicyandiamide using silica nanoparticles
as a hard template and its adsorption capacity for the removal of Ni(II) ions was
investigated. The removal of the silica template after the synthesis helped in gener-
ating more pore structures on the g-C3N4 surface and hence promoted the adsorption
capacity for Ni(II) ions (Xin et al. 2016). Besides, Huang et al., developed a proto-
nated MCN from cyanamide and used for the removal of microcystins (MCs) such
as MC-LR and MC-RR. It was observed that the protonation not only enhanced the
adsorption capacities of MCN for MCs but also accelerated the MCs removal rate
(Huang et al. 2015).

g-C3N4 was also subjected to several chemicalmodifications to improve its affinity
towards a variety of pollutants (Xie et al. 2020a). For instance, g-C3N4 was oxidized
using a ternarymixture of H2SO4/HNO3/H2O2 to obtain Ox-g-C3N4, whichwas then
decorated onto polyaniline nanofibers (PANI-NF) to produce Ox-g-C3N4/PANI-NF.
Due to the positive surface charge (+21 mV), Ox-g-C3N4/PANI-NF showed a higher
affinity towards Cr(VI) rather than Cu(II). Moreover, the Cr(VI) adsorption was
highly dependent on solution pH, temperature and concentration of Cr(VI) (Kumar
et al. 2017). PANI/oxidation etching g-C3N4 was also applied for the removal of
radioactive uranium(VI) from uranium-containing wastewater (Liu et al. 2019a). In
another study,Yousefi et al., developed anoxidizedg-C3N4 by exfoliation in the liquid
phase through a combination of sonication and oxidation. It was demonstrated as a
promising adsorbent for the remediation of antibiotic tetracycline drug, cationic dyes
(MB, methylene green, rose Bengal and basic fuchsin) and anionic dyes (rhodamine
B, and methyl orange). Owing to the improved dispersibility in water, increased
surface area and abundance of the surface functional groups, the oxidized g-C3N4

possessed higher adsorption capacity over the unoxidized g-C3N4 (Yousefi et al.
2019).

Furthermore, sodium alginate (SA), a biopolymer was used as a modifier to
functionalize g-C3N4 for the effective removal of heavy metals (Pb(II), Ni(II) and
Cu(II)) (Shen et al. 2020). Chitosan was also incorporated into g-C3N4 and used as
a metal-free heterogeneous adsorbent and catalyst for the removal of chlorpyrifos
(Vigneshwaran et al. 2019). Multifunctional g-C3N4/β-cyclodextrin was synthesized
and applied for the adsorptive remediation of MB and Pb(II) from aqueous solution.
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Density functional theory test revealed that Pb(II) removal by g-C3N4/β-cyclodextrin
was dominated by surface complexation and electrostatic attractions, while MB
removal was driven by hydrogen bonds and π-π stack interactions (Zou et al. 2016).
Moreover, Guo et al., developed a nanoscale zero-valent iron modified potassium
doped g-C3N4 composites and applied as an adsorbent for the treatment of Cr(VI)
contaminated water. The surface area and pore volume measurements showed that
the developed composite possessed 4.7 and 3.7 times higher values than the pure g-
C3N4 and thus it showed higher adsorption capacity for Cr(VI) ions (Guo et al. 2020).
Recently, phosphate and Pb(II) removal by adsorption onto protonated g-C3N4/acid-
activatedmontmorillonite composite (g-C3N4/Mt) was demonstrated. Themaximum
adsorption capacity for phosphate and Pb(II) was achieved by 2%-g-C3N4/Mt, owing
to the synergistic effects of the individual counterparts (Wan et al. 2019).

Besides, it was believed that carbon doping on g-C3N4 could result in the enhance-
ment of theπ-conjugation systemand surface area.Ren et al., investigated the adsorp-
tion of MB using a carbon doped g-C3N4 as an adsorbent. It was found that the
surface area and adsorption capacity of g-C3N4 for MB was enhanced after carbon
doping (Ren et al. 2018). Likewise, S-block metals doped g-C3N4 (e.g., lithium,
sodium, potassium, magnesium, calcium, strontium, and barium) was prepared from
cyanamide for the remediation of water pollutants. A substantial increment in the
adsorption capacity of g-C3N4 towards the removal of MB and Cu(II) ions was
noted after doping with s-block metals (Fronczak et al. 2018, 2017). Furthermore,
phosphorus doped g-C3N4 was developed and applied for the adsorption ofMB from
aqueous solution (Chegeni and Dehghan 2020). Recently, S-doped g-C3N4/graphene
oxide framework was developed by Li and co-workers to promote the Hg(II) removal
from the desulfurization slurry. It was deduced from the results that the presence of
S groups and tubular geometry in S-doped g-C3N4 had strong impacts on recovering
the Hg(II) through enhanced electrostatic forces and co-ordination bonding (Li et al.
2020c).

Also, it is very important to separate the exhausted adsorbent after the adsorption
process to avoid any adverse effects on the environment. Due to the very small size of
g-C3N4-based materials, the complete separation of g-C3N4 from aqueous solution
is still posing a significant challenge to the researchers. To facilitate the separation,
magnetic properties have been incorporated into the g-C3N4 nanosheets. For instance,
Yan et al., introduced magnetic nanoparticles to the MCN (MMCN) for the potential
removal of PFOSandperfluorooctanoic acid (PFOA)with the consideration of simple
adsorbent recovery by applying an external magnetic field. The adsorption study
revealed that MMCN had a higher affinity for PFOS adsorption (454.6 mg g−1) than
PFOA (370.4 mg g−1). Moreover, when the temperature was increased from 278 to
318K, adsorption of PFOS and PFOAonMMCNwas also found to be increased. The
removal of PFOS and PFOA by MMCN was mainly controlled by the combination
of electrostatic and hydrophobic interactions (Yan et al. 2014). Likewise, Guo et al.,
reported one-step preparation of magnetic g-C3N4 for the removal of Zn(II), Pb(II)
and Cd(II). The magnetic g-C3N4 showed improved removal of Zn(II), Pb(II) and
Cd(II) with the increase of the solution pH (Guo et al. 2018a).
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A novel three-dimensional (3D) magnetic nanocomposite (Fe3O4@g-C3N4) was
also prepared and tested for the potential adsorption of Pb(II) from water. By
comparing the adsorption capacities of pristine g-C3N4, Fe3O4, and Fe3O4@g-C3N4,
the binary composite showed higher adsorption capacity due to the addition of more
layer spacing (Guo et al. 2018b). Besides, Sahoo and co-workers synthesizedmagnet-
ically separable and reusable graphene oxide/g-C3N4 decorated Fe3O4 nano adsor-
bent for the elimination of tetracycline and MB. The synthesized nano adsorbent
showed excellent adsorption capacity due to more π-π and hydrogen bonding inter-
actions. In addition, the elimination of the tetracycline and MB was significantly
affected by the solution pH (Sahoo et al. 2020).

An efficient adsorbent for adsorption and separating crude oil from water was
additionally prepared by combining g-C3N4 alongwithmagnetic FeNi3 and fatty acid
functionalization. The prepared magnetic hydrophobic/oleophilic g-C3N4 exhibited
excellent oil sorption performance (Talukdar et al. 2019).

An overview of the literature studying the application of g-C3N4-based materials
for the adsorptive removal of various environmental pollutants is listed in Table 5.1.

5.3 Photodegradation of Pollutants Using g-C3N4-based
Photocatalysts for Wastewater Treatment Application

In recent years, photodegradation of pollutants has been turned out to be one of
the effective environmental cleaning-up methods. Among several photocatalysts, g-
C3N4-based materials have gained much attention as versatile photocatalysts for the
environmental remediation of various pollutants. This is mainly because of its unique
properties, i.e., low cost, eco-friendly, metal-free catalyst, visible light response, and
appealing electronic bandgaps (Ong et al. 2016; Wen et al. 2017).

Additionally, the photocatalytic activity of g-C3N4 could be further enhanced by
exposing g-C3N4 into various chemical modifications (Zhang et al. 2019). Never-
theless, the photocatalytic activity of the catalysts depends certainly on the prepara-
tion conditions. For instance, charcoal/g-C3N4 composite visible light photocatalyst
was developed under different atmospheric conditions and tested their photoactivity
towards the degradation of MB and Cr(VI). The results indicated that charcoal/g-
C3N4 composites prepared under the air atmosphere showed higher photocatalytic
activity forMB,while charcoal/g-C3N4 composites prepared under the oxygen atmo-
sphere exhibited good photoreduction of Cr(VI) (Lamkhao et al. 2018). Hu and
co-workers developed g-C3N4 based catalysts co-doped with iron, phosphorus, and
sulfur for the efficient photodegradation of various dyes and phenols (Hu et al. 2018,
2014). The sulfur self-doped g-C3N4 prepared at different temperatures (450–575 °C)
were shown to have different photocatalytic activity behavior for MB. For instance,
sulfur self-doped g-C3N4 prepared at 550 °C showed optimal visible light photocat-
alytic activity performance, which might be due to the unique layered structure with
more surface area and reduced band gap induced sulfur-doping (Cao et al. 2015).
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Table 5.1 Overview of the literature studying the application of g-C3N4-based materials explored
for the adsorptive removal of various environmental pollutants

Adsorbent Target pollutant(/s) Reference

g-C3N4 assembled with
Mg-Co-Al-layered double
hydroxide

Iodine 131 Yazdankish et al. (2020)

g-C3N4 Cr(VI), Cd(II), Pb(II) Xiao et al. (2019)

g-C3N4 Eu(III), La(III), Nd(III), and
Th(IV)

Liao et al. (2018b)

Exfoliated g-C3N4 Cu(II), Mn(II), Zn(II), Pb(II),
Fe(III), and Cd(II)

Dehkharghani (2019)

g-C3N4 Pb(II) and aniline Hu et al. (2015)

g-C3N4 Cd(II) and methylene blue Cai et al. (2017)

g-C3N4 Pb(II), Cu(II), Cd(II), and
Ni(II)

Shen et al. (2015)

Mesoporous carbon nitride PFOS Yan et al. (2013)

Mesoporous carbon nitride Phenol Haque et al. (2010)

Mesoporous g-C3N4 Ni(II) Xin et al. (2016)

Protonated mesoporous
g-C3N4

Microcystins Huang et al. (2015)

g-C3N4/attapulgite hybrid Cd(II) Xie et al. (2020a)

Ox-g-C3N4 /PANI-NF Cr(VI) and Cu(II) Kumar et al. (2017)

PANI/ oxidation etching
g-C3N4

U(VI) Liu et al. (2019a)

Oxidized g-C3N4 Tetracycline, methylene blue,
methylene green, rose Bengal,
basic fuchsin, rhodamine B,
and methyl orange

Yousefi et al. (2019)

g-C3N4 functionalized by SA
biopolymer

Pb(II), Ni(II), and Cu(II) Shen et al. (2020)

Chitosan incorporated g-C3N4 Chlorpyrifos Vigneshwaran et al. (2019)

g-C3N4/β-cyclodextrin Pb(II) Zou et al. (2016)

Nanoscale zero valent iron
modified potassium-doped
g-C3N4

Cr(VI) Guo et al. (2020)

Protonated
g-C3N4/acid-activated
montmorillonite composite

Phosphate and Pb(II) Wan et al. (2019)

Carbon-doped g-C3N4 Methylene blue Ren et al. (2018)

S-block metals-doped g-C3N4 Methylene blue and Cu(II) Fronczak et al.( 2018)

Sodium-doped g-C3N4 Methylene blue Fronczak et al. (2017)

Phosphorus-doped g-C3N4 Methylene blue Chegeni and Dehghan (2020)

(continued)
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Table 5.1 (continued)

Adsorbent Target pollutant(/s) Reference

S-doped g-C3N4 Hg(II) Li et al. (2020c)

Magnetic nanoparticles
incorporated mesoporous
carbon nitride

PFOS and PFOA Yan et al. (2014)

Magnetic g-C3N4 Zn(II), Pb(II), and Cd(II) Guo et al. (2018a)

Fe3O4@g-C3N4 Pb(II) Guo et al. (2018b)

Fe3O4-g-C3N4 Zn(II), Pb(II), and Cd(II) Guo et al. (2018c)

Graphene oxide/g-C3N4
decorated Fe3O4

Tetracycline and methylene
blue

Sahoo et al. (2020)

g-C3N4/ FeNi3 Crude oil Talukdar et al. (2019)

Carboxylmethyl cellulose/
g-C3N4/ZnO

Methyl violet Sharma et al. (2020)

g-C3N4 Aspirin Chegeni et al. (2020)

g-C3N4/Fe3O4/ZIF-8
nanocomposite

Malachite green Zhao et al. (2020c)

V2O5/S-doped g-C3N4 Methylene blue and phenol Chegeni et al. (2019)

g-C3N4/MgO nanocomposite Pb(II) Zhou et al. (2019)

Microporous Fe2O3/g-C3N4 Phosphate Gamshadzehi et al. (2019)

Biochar/g-C3N4 composite Methylene blue Li (2019)

g-C3N4 P(V), Cr(VI) and Re(VII) Liao et al. (2018a)

Polyoxoniobate/g-C3N4 Methylene blue Gan et al. (2018)

SrCO3/g-C3N4 nanocomposite Crystal violet, rhodamine b,
and methylene blue

Lu et al. (2018)

In recent days, metal/non-metal doped g-C3N4 catalysts were developed to
increase the photocatalytic activity of g-C3N4 nanosheets by reducing the band gap,
hindering the recombination of generated electrons and holes, increasing the surface
area, and as well as increasing the visible light absorption ability. For instance, boron
doped g-C3N4 exhibited superior photocatalytic activity for rhodamine B (RhB),
compared to pristine g-C3N4 nanosheets due to the improvement in dye adsorption
and light absorption of catalyst (Yan et al. 2010). Moreover, it was observed that
after incorporating palladium nanocones into g-C3N4, recombination of holes and
generated electrons were hampered and hence the catalytic reduction of Cr(VI) to
Cr(III) was further promoted (Wu et al. 2019b). Besides, carbon dots decorated g-
C3N4 based photocatalysts were shown to possess higher photocatalytic activities
than the pristine g-C3N4 towards various pollutants (Fang et al. 2016; Miao et al.
2017; Zhang et al. 2016). The impregnation of carbon dots on the g-C3N4 surface
not only enhanced the production of photogenerated electron–hole pairs, but also
inhibited electron–hole recombination (Zhang et al. 2016).
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Vellaichamy and Periakaruppan reported on the synthesis of sulfur and phospho-
rous co-doped g-C3N4 grafted polyaniline for the effective degradation of MB under
visible light. A substantial enhancement in the MB degradation was achieved by the
developed composite, compared to its counterparts (Vellaichamy and Periakaruppan
2018). Pan et al., reported the facile synthesis of iron (Fe) and cerium (Ce) co-
doped g-C3N4 (Fe-Ce/g-C3N4) and investigated its photocatalytic activity towards
the degradation of Cr(VI). The results revealed the superior catalytic performance of
Fe-Ce/g-C3N4 for the degradation of Cr(VI). In addition, the degradation of Cr(VI)
was also tremendously improved in the presence of MO, RhB or 2,4-dichloro phenol
mixed pollutant systems (Pan et al. 2020a). The proposed mechanistic pathways for
the Cr(VI) reduction and dyes degradation using Fe-Ce/g-C3N4 under visible light is
given in Fig. 5.2. Likewise, hydrochloric acid and phytic acid co-doped polyaniline
(PANI) coupled g-C3N4, 3D hierarchical structures with high surface area were also
synthesized and exhibited a higher catalytic reduction of Cr(VI) and photodegrada-
tion of MB in water. Based on the results, it was assumed that photoexcited charge
transfer, electric conductivity and unpaired electrons within the PANI coupled g-
C3N4 played key roles during the photocatalysis processes (Wu et al. 2019a). In
addition, gold nanoparticles stabilized sulfur-doped g-C3N4 (Au@S-g-C3N4) was
used for the catalytic reduction of 4-nitro phenol (4-NP). The results revealed the
superior catalytic performance of Au@S-g-C3N4 towards 4-NP reduction than in the
case of S-g-C3N4. Higher reduction of 4-NP was attributed to the synergistic effects
of the gold nanoparticles and S-g-C3N4 (Balakumar et al. 2020).

Zhao and co-workers prepared different combinations of g-C3N4-chitosan beads
and investigated the photodegradation of MB. g-C3N4-chitosan beads exhibited
higher removal of MB than pristine g-C3N4 because of the combined effects of
the in-situ adsorption and photocatalysis process. It was also found that super oxide

Fig. 5.2 The proposed mechanistic pathways of Cr(VI) reduction and dyes degradation using
Fe-Ce/g-C3N4 under visible-light irradiation. Modified from (Pan et al. 2020a)
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radicals (•O2
−) and holes (h+) were mainly responsible for the photodegradation

of MB (Zhao et al. 2018). Furthermore, the presence of carbon nanotubes in g-
C3N4 helped to transfer the electron produced during the degradation of RhB and
promoted the separation of electrons-holes (Liu et al. 2020a). In another study, supe-
rior degradation of Acid red G was attained using AgFeO2/g-C3N4 composite as a
catalyst, which is ~7.5 and ~10.7 times higher than pristine g-C3N4 and AgFeO2,
respectively. This enhanced photocatalytic performance was ascribed to the forma-
tion of core–shell heterojunction between AgFeO2 and g-C3N4, to superior elec-
tron–hole separation efficiency, and the superior specific surface area, etc. (Xue
et al. 2015). In parallel, nitrogen-doped graphene/g-C3N4 composite (NG@g-C3N4)
was demonstrated to be an ideal photocatalyst for the degradation of methyl orange
(MO) from water. It was mainly attributed to the excellent charge separation and
reduction in electron-holes recombination (Santha kumar et al. 2019). A binary
polymer composite consisting of poly(diphenylbutadiyne) and g-C3N4 exhibiting
higher visible light photocatalytic activity for the degradation of RhB and phenol
than pristine g-C3N4 and poly(diphenylbutadiyne) were developed. Notably, the
visible light absorption ability and separation efficiency of photo-generated elec-
trons and holes of g-C3N4 was significantly enhanced via the modification with
poly(diphenylbutadiyne), and thus, higher photocatalytic behavior was achieved (Lei
et al. 2017). Similar kinds of results were reported by several researchers for different
g-C3N4-based photocatalysts (Gawande and Thakare 2012; Ge et al. 2012; Huy et al.
2017; Qian et al. 2018).

Furthermore, photocatalytic degradation of 4-chlorophenol (4-CP) as well as
reduction of highly toxic Cr(VI) into less toxic Cr(III) has been achieved using
porous g-C3N4. An obvious synergistic photocatalytic effect has been observed for
both Cr(VI) and 4-CP in a Cr(VI)/4-CP binary system than the individual system
under acidic conditions (pH 3). This was mainly attributed to the accelerated redox
reaction between Cr2O7

2− and 4-CP via electron transfer through g-C3N4 (Wei et al.
2017). In another study, photo oxidation of bisphenolA and photoreduction of Cr(VI)
was investigated in a binary system using g-C3N4 prepared under nitrogen gas atmo-
sphere. Yet again, higher degradation efficiency was obtained in the binary system
over the individual systems. It was established that the produced H2O2 and photo-
generated electrons were responsible for the reduction of Cr(VI) into Cr(III), while
•O2

− radicals were responsible for the oxidation of bisphenol A (Wang et al. 2019a).
In the work ofWang and co-workers, the pyromellitic diimide doped g-C3N4 showed
non-adsorptive nature for the oxidative product As(V) formed during the photocatal-
ysis processes. More interestingly, a small amount of Cr(III) adsorbed on g-C3N4

surface promoted the oxidation of As(III) during the process (Wang et al. 2019b).
Moreover, g-C3N4 nanosheets have also been explored as photocatalyst for the

mineralization of various PPCPs from wastewater (Zhu et al. 2016). For example,
mineralization of four pharmaceutical compounds (tetracycline, ciprofloxacin, sali-
cylic acid, and ibuprofen) in water was conducted using g-C3N4 nanosheets. The
capacity of g-C3N4 for PPCPs degradation followed the sequence: tetracycline >
ciprofloxacin > salicylic acid > ibuprofen. It was also found that the photogenerated
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holes, H2O2 and •OH radicals were responsible for the mineralization of tetracy-
cline (Hernández-Uresti et al. 2016). Also, Xu and co-workers developed ultrathin
g-C3N4 nanosheets decorated hydroxyapatite (HAp) for the degradation of tetracy-
cline, an antibiotic drug molecule from wastewater. A faster tetracycline degrada-
tion rate was noted for the composite over pristine g-C3N4 nanosheets and HAp
because of the formation of •O2

− radicals and h+ holes formed (Xu et al. 2019).
Ibuprofen (an anti-inflammatory drug) and 2,4-Dicholorophneoxy acetic acid (herbi-
cide) were also mineralized using sustainable g-C3N4-based hybrid photocatalysts
(single, binary, and tertiary). Tertiary catalysts exhibited substantial photocatalytic
activity over the single and binary catalysts for the mineralization of ibuprofen and
2,4-Dicholorophneoxy acetic acid. This improved performance by tertiary photocata-
lysts wasmainly attributed to high visible light absorption and high charge separation
and diffusion (Kumar et al. 2019).Moreover, the crystalline structure in g-C3N4 facil-
itated the O2 absorption process which in turn produced greater amount of H2O2,
and thus, generated more •OH radicals to degrade several PPCPs including naproxen
(NPX), indomethacin (IDM), diclofenac (DCF), carbamazepine (CBZ), triclosan
(TCS), ofloxacin (OFX), enrofloxacin (ENR), and sulfamethoxazole (SME). Also,
by considering the complex nature of PPCPs in the wastewater matrices, degradation
of mixed PPCPs was investigated. The results showed a degradation efficiency of
~79.5% for NPX and SME, 100% for IDM, DCF and CBZ, 97.2% for TCS, 84.2%
for OFX, and 95.1% for ENR (Wang et al. 2020d).

In addition, Wang and co-workers (Wang et al. 2015) and Li and co-workers (Li
et al. 2016) synthesized g-C3N4 and titanium dioxide (TiO2)-based hybrid photocata-
lysts and investigated their photocatalytic activity for the degradation of ciprofloxacin
(antibiotic drug) and acyclovir (antiviral drug), respectively. The results indicated the
troubles in the complete degradation of acyclovir under normal conditions. Besides,
it was found that some of the intermediates formed during the photocatalytic process
were more toxic than acyclovir.

On the other hand, Marta Jiménez-Salcedo and co-workers compared the photo-
catalytic degradation of ibuprofen using g-C3N4 and TiO2 photocatalysts and inves-
tigated the intermediates formed during the process. Under the employed conditions,
TiO2 showed better degradation than g-C3N4. Additionally, after analyzing the inter-
mediates, it has been found that two of the formed intermediates were higher toxic
than ibuprofen (Jiménez-Salcedo et al. 2019). Recently, Li and co-workers devel-
oped rare earth metal samarium (Sm)-doped g-C3N4 nanosheets and examined its
photocatalytic performance towards the degradation of tylosin and RhB. The results
showed an increased photocatalytic activity of Sm-doped g-C3N4 than pristine g-
C3N4. The photocatalytic activity of g-C3N4 nanosheets found to be increased upon
Sm-doping, however, extensive doping of Sm had an adverse impact on the photo-
catalytic degradation performance towards selected pollutants, since extensive Sm
doping has resulted in promoting the recombination of holes and electrons (Li et al.
2020b).

Synergistic photocatalytic activity of persulfate and g-C3N4 has been investigated
toward the degradation of sulfamethoxazole under simulated sunlight. A substantial
increment in the degradation efficiency was solely seen for the system involving
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persulfate and g-C3N4. It was emphasized that in the binary system, g-C3N4 induced
the sulfate to transfer SO4

−•, S2O8
2− and favored the generation of O2

−•, SO4
−•, and

h+ which in turn enhanced the degradation of sulfamethoxazole (Song et al. 2020).
In parallel, Liu et al., modified g-C3N4 with four typical nanocarbons and studied
their photocatalytic activities for the degradation of sulfachloropyridazine and dyes.
Carbon nanospheres modified g-C3N4 exhibited the highest degradation efficiency
for sulfachloropyridazine and dyes, which was ascribed to a large number of active
sites as well as the increased charge, mass transport and chemical composition (Liu
et al. 2020b).

Moreover, the photodegradation of methyl-parabens, ethyl-parabens and propyl-
parabens in ultrapure, tap and riverwater was conducted using g-C3N4 as ametal-free
photocatalyst. Experiments with single parabens demonstrated that the photocat-
alytic system was sensitive to the structure of the paraben. In addition, the existence
of organic and inorganic ions in water had a significant influence on the degradation
of the parabens (Fernandes et al. 2020). Besides, Moreira and co-workers inves-
tigated the photochemical degradation of various micropollutants (MPs) including
carbamazepine, isoproturon, clopidogrel, diclofenac, atenolol, bezafibrate, tramadol,
venlafaxine, and fluoxetine from urban wastewater treatment plant using g-C3N4 in
both batch and continuous mode. Significant degradation of the selected MPs was
achieved in the batch mode, while lower degradation was observed in the continuous
mode, which was mainly due to lower residence time (Moreira et al. 2019). A list of
literature reporting on g-C3N4-based photocatalysts developed for photodegradation
of various pollutants is given in Table 5.2.

5.4 Challenges and Future Perspectives

The graphitic carbon nitride is an evolvingmaterial used forwater treatment in photo-
degradation and adsorption methods. This material is gaining popularity in water
treatment due to its ease of preparation at an economic level from easily available
precursors. This material has no toxicity with tunable structure and hence, can be
mold easily for getting the desired band gap. These features made this material an
ideal candidate for increased solar energy usage and good photocatalytic agent for
degrading water pollutants. The lenience to increase the surface area of g-C3N4 by
generating nanoscale or porous structure not only advances the charge separation
but also offers extra accessible locations for the photo-degradation reactions. The
formation of a Z-scheme heterojunction of graphitic carbon nitride with other photo-
catalysts may stimulate charge separation and use of low-energy visible photons
without conceding the redox capacity of photo-generated electrons and holes. Of
course, graphitic carbon nitride is a good material for photo-degradation but still
needs improvement so that it may be used at a large scale in industrial applications.
For this purpose, it is required to modify the structure of g-C3N4 to get the final goal
of the commercial and economic industrialization of g-C3N4 in water treatment.
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Table 5.2 List of literature reporting on g-C3N4-based photocatalysts used for photodegradation
of various environmental pollutants

Photocatalyst Target pollutant(/s) Reference

g-C3N4 modified by carbon
nanotubes

Rhodamine B Liu et al. (2020a)

Ag/Fe3O4/g-C3N4 composite Tetracycline Zhu et al. (2016)

g-C3N4 Tetracycline, ciprofloxacin,
salicylic acid, and ibuprofen

Hernández-Uresti et al.
(2016)

g-C3N4 nanosheets decorated
hydroxyapatite

Tetracycline Xu et al. (2019)

g-C3N4/ACN/RGO@ Biochar and
g-C3N4/PANI/RGO @Biochar

Ibuprofen and
2,4-Dicholorophneoxy acetic
acid

Kumar et al. (2019)

g-C3N4 Naproxen, indomethacin,
diclofenac, carbamazepine,
triclosan, ofloxacin,
enrofloxacin and
sulfamethoxazole

Wang et al. (2020d)

g-C3N4-TiO2 (P25) Ciprofloxacin Wang et al. (2015)

g-C3N4-TiO2 Acyclovir Li et al. (2016)

g-C3N4 Ibuprofen Jiménez-Salcedo et al.
(2019)

Sm-doped g-C3N4 Tylosin and rhodamine B Li et al. (2020b)

Carbon quantum dots modified
g-C3N4

Sulfachloropyridazine,
methylene blue, methyl orange
and rhodamine B

Liu et al. (2020b)

Reduced graphene oxide modified
g-C3N4

Carbon nanotube modified g-C3N4

Carbon nanospheres modified
g-C3N4

g-C3N4 Methyl-, ethyl- and
propyl-parabens

Fernandes et al. (2020)

Exfoliated g-C3N4 Carbamazepine, isoproturon,
clopidogrel, diclofenac,
atenolol, bezafibrate, tramadol,
venlafaxine, and fluoxetine

Moreira et al. (2019)

Fe3O4/g-C3N4 nanospheres Methyl orange Zhou et al. (2013)

BiOBr-g-C3N4 composite Rhodamine B Ye et al. (2013)

Fe(III)/graphene g-C3N4 Methyl orange Liu et al. (2016)

V2O5/g-C3N4 Rhodamine B and tetracycline Hong et al. (2016)

g-C3N4/SmVO4 composite Rhodamine B Li et al. (2013)

g-C3N4/Bi2WO6 composite Methyl orange Ge et al. (2011a)

g-C3N4/Bi2MoO6 composite Rhodamine B Li et al. (2014)

(continued)



5 Application of g-C3N4-based Materials for the Efficient Removal … 109

Table 5.2 (continued)

Photocatalyst Target pollutant(/s) Reference

g-C3N4/Ag3VO4 composite Fuchsine Wang et al. (2014)

Ag/g-C3N4 Methyl orange Ge et al. (2011b)

WO3-TiO2@g-C3N4 Acteylsalicylate and
methylthebromine

Tahir et al. (2019)

ZnO-Ag2O/porous g-C3N4 Ciprofloxacin Rong et al. (2016)

g-C3N4/TiO2 Rhodamine B Tong et al. (2015)

Macro/mesoporous g-C3N4/TiO2 Rhodamine B Hao et al. (2016)

Quaternary magnetic
BiOCl/g-C3N4/Cu2O/Fe3O4

Sulfamethoxazole Kumar et al. (2018)

TiO2@g-C3N4 Tetracycline Wang et al. (2017b)

Carbon dots modified
MoO3/g-C3N4

Tetracycline Xie et al. (2018)

Sn3O4/g-C3N4 Tetracycline Li et al. (2018)

Nitrogen doped carbon
dots/g-C3N4

Indomethacin Wang et al. (2017a)

Carbon dots and Ag nanoparticles
decorated g-C3N4

Methyl orange and
p-nitrophenol

Dadigala et al. (2017)

g-C3N4/Ag2SO4 nanocomposite Rhodamine B, methylene blue
and fuchsine

Akhundi and
Habibi-Yangjeh (2016)

g-C3N4 Rhodamine B and methyl
orange

Yu and Wang (2016)

g-C3N4/ZnO/AgCl nanocomposite Rhodamine B Akhundi and
Habibi-Yangjeh (2015)

Nested g-C3N4 fiber surrounding
graphene oxide

Rhodamine B Wang et al. (2020e)

g-C3N4/CuS Methyl orange Wang et al. (2020a)

Carboxymethyl cellulose with
Zn-Cu-Mg mixed metal
hydroxide/g-C3N4 composite

Sulfadiazine Gholami et al. (2020)

Terephthalic acid functionalized
C3N4/TiO2/Fe2O3@SiO2

Ibuprofen, benzophenone, and
carbamazepine

Kumar et al. (2020)

Cu(I) coordinated g-C3N4
framework

Chlortetracycline Wang et al. (2020b)

2D graphene/g-C3N4 Bisphenol A, sulfamethoxazole,
ciprofloxacin, 2-chlorphenol and
diphenhydramine

Li et al. (2020a)

Hollow TiO2@g-C3N4/Co3O4
core–shell microspheres

Tetracycline and methyl orange Yu et al. (2020)

Nitrogen rich g-C3N4 Cefotaxime Gao et al. (2020)

(continued)
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Table 5.2 (continued)

Photocatalyst Target pollutant(/s) Reference

Ultrathin Ag2WO4-coated
P-doped g-C3N4

Indomethacin Huang et al. (2020)

Mn3O4 nanodots loaded g-C3N4 4-chlorophenol Chen et al. (2020a)

Pd/g-C3N4 Bezafibrate Yin et al. (2020)

2D-2D WO3/g-C3N4 Tetracycline Pan et al. (2020b)

Amorphous goethite nanoparticles
decorated g-C3N4

Tetracycline Zhao et al. (2020b)

K-doped g-C3N4/BiOBr hybrid Tetracycline and rhodamine B Qu et al. (2020)

Covalent triazine-based
frameworks/g-C3N4

Sulfamethazine Cao et al. (2020)

AgBr/P-g-C3N4 Ephedrine Chen et al. (2020b)

g-C3N4/ZnO nanorods Methylene blue, rhodamine B,
Cr(VI) and eosin

Zhong et al. (2020)

g-C3N4/MoS2 Levofloxacin and methylene
blue

He et al. (2020)

g-C3N4/TiO2 Acid orange 7 Liu et al. (2020c)

Amorphous g-C3N4/TiO2 Reactive red 4 Azami et al. (2020)

MoS2/Ag/g-C3N4 Tetracycline Jin et al. (2020)

Au-SnO2 quantum dot-anchored
g-C3N4 nanosheets

Rhodamine B Babu et al. (2020)

g-C3N4/Ag-TiO2 Rhodamine B Sui et al. (2020)

Waste sludge–doped g-C3N4 Eriochrome Black T Gu et al. (2020)

Fe3+-doped g-C3N4 Sulfadiazine Ou et al. (2020)

Carbon quantum dots modified
g-C3N4

Diclofenac Liu et al. (2019b)

Carbon quantum dots modified
tubular g-C3N4

Carbamazepine Zhao et al. (2020a)

g-C3N4 supported Fe3O4
nanoparticles/ZnO nanorods

Pantoprazole Raha and
Ahmaruzzaman (2020)

Nitrogen defects g-C3N4 Meropenem Wang et al. (2020c)

g-C3N4/La2O3 Methylene blue, rhodamine B
and methyl orange

Xie et al. (2020b)

Sepiolite/c/Pd nanocomposite Ciprofloxacin Chuaicham et al. (2020)

CoWO4/ g-C3N4 nanocomposite Norfloxacin Prabavathi et al. (2019)

Pd/CeO2/g-C3N4 nanocomposite Cr(VI) Saravanakumar et al.
(2017)
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There may be some methods to amend the structure of g-C3N4 for excellent
performance. Among them, theoretical simulation studies are useful to save time
and costly chemicals. The most important tool that may be used are DFT and molec-
ular dynamics simulations. With the help of these simulations, one can module the
structure, properties, and photo-catalytic capability of g-C3N4. Besides, the guide-
lines for balanced material design may be obtained before synthesis. It is important
to establish the photo-stability, recyclability, and separation of g-C3N4 in water for
industrial applications. Still, one needs to develop the methods and their accuracies
of the application of g-C3N4 in complex water i.e. industrial and municipal effluents.
The most important challenge is to find out the photo-degradation products because,
sometimes, a few degradation products may be toxic to the environment and human
beings. Certainly, there are some challenges commercialize g-C3N4 in water treat-
ment methods. The applications of g-C3N4 in the adsorption process are still limited
because most of the papers are with batch mode applications. Therefore, there is a
great need to modulate this material for column operations. There is a big need to
amend the structure of this material in many ways to make it ideal adsorbent and
photo-degradation material in column operations. Briefly, there is a lot to work with
this material in the future. Certainly, we hope that this material will be a boon in
water treatment in the near future.

5.5 Summary and conclusions

Over the years, the unlimited inventions in the field of g-C3N4, a two-dimensional
structured organic polymeric material has certainly witnessed the novel attractive
properties with remarkable applications. Due to its unique properties such as highly
porous andπ-conjugated structures, high chemical tunability, reduced band gap, and
high visible light absorption, g-C3N4-based materials are emerging as ideal candi-
dates for variety of environmental applications. In this chapter, the potential environ-
mental applications of g-C3N4-based materials in water and wastewater treatment
were reviewed.

To date, even though g-C3N4-based materials have been revealed as promising
candidates for designing and fabricating powerful adsorbents and photocatalysts,
there are still many challenges facing the widespread application of g-C3N4-
based materials. The aforementioned shortcomings can be potentially alleviated by
employing the most appropriate precursors and preparation conditions, development
of heterojunction nanocomposites, non-metal and metal doping, or copolymeriza-
tion with other functional polymers. This will open up for further research that might
be needed in the area of design and development of g-C3N4-based materials with
improved performance and recovery. Moreover, pollutants remediation from real
wastewater/river water under continuous system using g-C3N4-based materials is
still regarded as challenges to newly emerged materials. Further research is required
in designing, developing, and optimizing the continuousmode application toward the
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efficient removal of pollutants.Overall, it is believed that this chapter offers a compre-
hensive and updated overview on the state of the art as well as recent developments
and applications of g-C3N4-based materials in water and wastewater treatment.
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Chapter 6
Application of Metal and Metal Oxide
Nanoparticles as Potential Antibacterial
Agents

Chinmoy Mandal and Manoranjan Sahu

Abstract With the widespread use of antibiotics, the bacteria have evolved to build
up mechanisms to resist the activity of antibiotics. The antibiotics target cell wall,
protein synthesis and DNA replication, whereas microbes resist it through genetic
basis ormechanistic basis of environmental resistance. The nanoparticles have shown
a great potential as an alternative to antibiotics for treatment of microbial infec-
tions. Nanoparticles causemicrobial inactivation via oxidative stress, dissolvedmetal
ions or non-oxidative mechanisms and target cell barrier, bacterial protein, enzymes
and DNA synthesis and its metabolism. The multiple mechanisms which nanopar-
ticle employ simultaneously against microbes can have the potential to overcome
the microbial resistance by providing the bacteria insufficient time to mutate and
develop resistance. This book chapter focuses on mechanisms of antibiotic action
and resistance developed by bacteria. Various metal nanoparticles (silver, copper,
gold, aluminium) and metal oxides nanoparticles (copper oxide, titanium dioxide
nanoparticles, zinc oxide and magnesium oxide nanoparticles) that are used for
antibacterial action and impact of physicochemical properties are discussed. The
chapter also elucidates the potential mode of action by various nanoparticles and
impact of various important factors such as size, composition, shape, morphology,
zeta potential and environmental conditions on antibacterial effectiveness.

Keywords Antibiotic action · Antibiotic resistance · Nanoparticle · Antibacterial
action · Oxidative stress

6.1 Introduction

The field of nanotechnology has emerged as one of the most extensively researched
fields involving multidisciplinary branches of science. It has been one of the major
growing sectors in scientific field of research and also has large scale implication
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in industry, hence often called as next generation revolution. The implications of
nanotechnology extend to the environmental field,which has benefits that can be cate-
gorized into treatment and environmental remediation, pollution sensing and detec-
tion and prevention of pollution. Nanoparticles (NPs) can have applications in soil,
wastewater treatment, groundwater treatment and also large part in air remediation
(Yadav et al. 2017).

Ever since the discovery of antibiotics as antimicrobial agents, they have been
used extensively to treat bacterial and fungal diseases. Use of antibiotics comes with
two advantages: first it has been cost-effective and another it has given powerful
outcomes (Wang et al. 2017). But with the increasing use of antibiotics, the bacteria
are artificially selected and acquiring resistance against these substances. In fact,
there has been evidences of bacteria, which have developed resistance to multiple
drugs via various mechanisms of gene transfer (Hajipour et al. 2012).

With the emergence of these drug-resistant bacteria, it can prove fatal in future,
since the resistant properties are evolutionary based or can be developed sponta-
neously (Wang et al. 2017). In many cases, the last generation of drugs is being used
for treatment. If anyhow, there is a development of resistance in those bacteria, we
would be left with no option and epidemic may break out. Even with the immense
progress in the field of medicine, the rate of mortality and morbidity that has been
caused by bacterial diseases is large in numbers (Rai and Bai 2011). Therefore,
there is an urgent need for an alternative for treatment of microbes. So, that the last
generation of antibiotics can be preserved for future urgency.

Ifwego through the ancient literature,we canfind that theyhavebeenusing several
inorganic elements such as copper, silver, gold and other materials to combat the
effects of microbes. The idea has given origin to the use of inorganic nanoparticles as
a potential antimicrobial agent, which can extend in various fields such as agriculture,
food industry, soil and wastewater remediation, textile industries and other numerous
applications (Rai and Bai 2011).

Nanoparticles are small particles, which have a range of scale 1–100 nm and have
at least one of its unit in this scale. The inorganic and organic nanoparticles have
been found as having potential antimicrobial properties. Metallic nanoparticles of
inorganic origin have been profoundly used and experimented with the microbes
and are successful in either killing or stopping its metabolism or reproduction hence
restricting the growth. These nanoparticles have shown to have effect on a broad
spectrum of both gram-positive as well as gram-negative bacteria (Wang et al. 2017).
This success of inorganic nanoparticles can be attributed to its property to endure
the adverse conditions and the unique property of nanoparticles, which it possesses
due to its small size and large surface area. These factors provide advantage to kill
bacteria, as nanoparticles can show surface phenomenon of killing instead of going
inside the cell to disrupt it. This property can also be hypothesized as it can give the
bacteria a very little time to develop resistance against either antibiotic coated with
nanoparticles or nanoparticles alone (Rai and Bai 2011). Hence, we can think of a
probable solution to the antibiotic resistance complication. Nanoparticles can also
be made as composites such as to tackle the bacterial resistance with more than one
mechanism hence rendering it viable for destruction (Wang et al. 2017). This book
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chapter discusses in details various aspects of antibiotics action and mechanism of
antibiotic resistance development. Additionally, also the chapter discusses various
types of nanoparticles that can be used for antimicrobial activities and their mode of
inaction potential for various biological agents.

6.2 Mechanism of Antibiotic Action

Antibiotics act as powerful medicines to fights infectious diseases. Their action is
such that either they stop the bacteria from reproducing or they kill or destroy the
bacteria. In humans, the immune system consists of white blood cells (WBCs) that
is responsible for attacking infectious bacteria and fighting the infectious diseases
but sometimes these harmful bacteria become too large in number, in this case the
immune system fails to cope up with this number, antibiotics comes in to aid in this
condition (Munita and Arius 2016).

There are two types of bacterial found in environmental systems: gram positive
and gram negative (Fig. 6.1). The figure illustrates bacterial cells are of two types,

Fig. 6.1 Structure of bacterial cell envelope. Adopted from Kapoor et al. (2017)
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gram positive and gram negative. Gram-positive bacteria consist of thick rigid pepti-
doglycan cell wall around the cell membrane that is attached to teichoic acids found
only in gram-positive bacteria (Scott and Barnett 2006), whereas gram-negative
bacteria have a thin peptidoglycan cell wall which is surrounded by second lipid
membrane, the outer membrane (OM). The space between the outer membrane and
the cellmembrane is called periplasmic space consists of periplasm.Outermembrane
provides additional protective layer against foreign substances and prevent them to
enter to into bacterium (Munita and Arius 2016; Kapoor et al. 2017).

Outer membrane however also contains porins that allow entry of various
molecules such as drug. Cell wall is a tough layer which provides the bacterium
its characteristic shape and also prevent it from mechanical and osmotic stresses.
The function of cell membrane is to prevent ions from flowing out or into the cell
and also maintains cytoplasmic or cellular bacterial components in a defined space
(Munita and Arius 2016).

The mechanism of an antibiotic action takes place in a biochemical way such as
the drug works effectively. Antibiotics can be target-specific like a drug that binds
like an enzyme (e.g. antibiotic or a receptor). Mechanism of action of antibiotics can
be described as the biochemical process especially at a molecular level. (Munita and
Arius 2016; Mazel and Davies 1999).

Classification of antibacterial agent is done on the basis of their activity spectrum,
impact on bacteria and their way of action. Activity spectrum of antibiotics can be
further divided into broad spectrum antibiotics which are effective against both the
gram-negative and the gram-positive bacteria and narrow spectrum antibiotics which
have restricted activity, their primary activities are against microorganism of only a
particular species (Munita and Arius 2016; Kapoor et al. 2017), e.g. glycopeptides
and bacitracin are effective against gram-positive bacteria, polymixin that is effec-
tive against gram-negative bacteria, aminoglycosides and sulphonamides are effec-
tive against aerobic organisms and nitroimadazoles against anaerobes (Kapoor et al.
2017). However, this spectrum of antibacterial activity may change if the bacterium
acquires resistance genes.

Effect of antibiotics on bacteria involves different mechanism of individual antibi-
otics on respective bacteria therefore antibacterial has different effects on bacterial
agents and it is either bacteriostatic or bactericidal. The latter consists of drugs that can
kill bacteria (e.g. cephalosporins, aminoglycosides, quinolones, penicillins) whereas
the former consists of drugs that inhibit or delay the bacterial activity of growth and
their replication (e.g. tetracyclins, macrolides, sulphonamides). Some antibiotics can
act as both bactericidal and bacteriostaticwhich dependupon the dose given, the dura-
tion of exposure and the original state of invading bacteria, e.g. fluoroquinolones,
aminoglycosides and metronidazole, and they can kill bacteria depending upon its
concentration, higher the concentration higher is the rate of killing. (Hajipur et al.
2012; Kapoor et al. 2017). Antibiotics can also show antagonistic and synergistic
effect on each other like action of aminoglycosides is enhanced with antibiotics that
inhibit cell wall synthesis (Hancock 2005).

Antibacterial action generally involves three mechanisms which involve inhibi-
tion and regulation of enzymes involved in the pathway of cell wall biosynthesis,
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Fig. 6.2 Mechanism of antibiotics action. Adopted from Kapoor et al. (2017). Note PABA: Para-
aminobenzoic acid, DHFA: dihydrofolic acid, THFA: tetrahydrofolic acid

metabolismof nucleic acid aswell as deoxyribonucleic acid (DNA) repair or pathway
of protein synthesis anddisturbance in bacterial cellmembrane structure.Thedetailed
mechanisms are shown in Fig. 6.2. (Kapoor et al. 2017). Multiplying cells are the
main target for antibiotics as these cells have the most of these cellular function.
Sometimes there is overlapping in these functions that occur between prokaryotic
bacteria cells and eukaryotic mammalian cells. Some antibiotics have also been
function as anticancer agents (Munita and Arius 2016).

6.2.1 Antibiotic Resistance in Bacteria

Antimicrobial resistance has developed over a period with interaction with many
organisms and their environment. Mostly antimicrobial compounds were naturally
produced molecules and as such the bacteria that were co-resident evolved mecha-
nisms to resist and overcome the action of antimicrobials to survive this gave rise
to the organisms that often considered as “intrinsically resistant” to more than one
antimicrobials (Munita and Arius 2016). In general, we refer to the expression of
the “acquired resistance” in particular bacteria, which was previously susceptible to
antimicrobial compound. The antimicrobial resistant microorganisms can be either
attributed to eithermutation in their geneticmaterial or horizontal transfer of the gene
from some intrinsically resistant microorganism present in the environment (Mazel
and Davies 1999;Munita and Arius 2016). Another important factor in antimicrobial
resistance or susceptibility is the effectiveness of antimicrobial agents on microbes
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which is a relative phenomenon involving multilayers of complexity (Munita and
Arius 2016).

Bacteria can adapt to a wide range of environmental conditions; this genetic plas-
ticity allows them to develop mechanism to resist the action of antimicrobial that
can jeopardize their survival. Bacteria share similar ecological niche with antimicro-
bial producing organisms. Hence, in time bacteria evolved to withstand the negative
impacts of antibiotics and subsequently this intrinsic resistance helped to survive
in its presence. If we consider an evolutionary perspective, then bacteria developed
two major mechanisms in genetic strategies to combat this effect. First is mutation at
gene(s) level which is generally associatedwith action of the compound onmicrobes.
Second is horizontal gene transfer (HGT), i.e. acquisition of foreign DNA that codes
for resistance coding genes (Kapoor et al. 2017; Hopwood 2007).

Generally, these mutations effect the antibiotic resistance by altering antibiotic
action by one of the following mechanisms as described in Fig. 6.3, modifying
the antimicrobial target, i.e. decreasing affinity for the drug, decreasing uptake of
drug, extrusion of harmful molecules by activating efflux mechanisms, modulation
of regulatory networks and changing important globalmetabolic pathway. Therefore,
resistance arising due to acquired mutational changes in diverse groups and varies
in complexity (Singh et al. 2014; Wright 2011).

As the bacteria share the same ecological niche with the antimicrobial producing
agents, they develop resistance in themselves, and this “environmental resistome”
gives a robust source for other bacteria for acquisition of resistance genes. HGT
can occur through three ways, transformation, which occurs through incorporation

Fig. 6.3 Mechanisms of antibiotic resistance. Adopted from Singh et al. (2014)
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of naked DNA, transduction which is phage mediated and conjugation which is
considered as bacterial sex.

Among the three transformations is simplest way of acquisition of genes, but only
few species of pathogenic bacteria are naturally able to incorporate naked DNA and
develop resistance (Munita and Arius 2016). Bacteria have evolved over millions of
years of evolution and have developed sophisticated mechanisms towards antimicro-
bial molecules. The resistant microbial class usually has attained this characteristic
property via multiple biochemical pathways whereas a bacterial cell can achieve this
resistant property by using more than one mechanism. The biochemical route for
the attaining antibiotic resistance can be categorized as, modifying the antimicrobial
molecule, preventing the antibiotic from reaching its target (either by decreasing
its penetration or by active efflux of antimicrobial compound), changing and/or
bypassing of the target sites and resistance through global cell adaptive processes.
Every category mentioned can havemultiple specific biochemical pathways (Kapoor
et al. 2017; Munita and Arius 2016).

6.3 Nanoparticles Antibacterial Application

The detail mechanistic path of NPs interaction with bacteria and various types of NPs
used for antibacterial are discussed along with different physicochemical properties
that are critical for effective antibacterial action.

6.3.1 Interaction Mechanism of Nanoparticles with Microbes

There are different types of nanoparticles such as metallic, metal oxides, doped
oxides, composites with different size, morphology and composition. Depending on
the nanomaterial’s properties like size and composition different NPs like copper,
gold, silver, aluminium, zinc, magnesium and titanium, nanoparticles will show
different effectiveness. These nanoparticles have different mechanism of action as
bactericidal, antiviral and antifungal agents. Cell wall and cell membranes act as
essential defensive barriers and protect the bacterial cell from osmotic and physical
pressures, therefore plays a crucial role in the maintenance of the shape of bacterium.
The gram-positive and gram-negative bacteria differ in their cell membrane’s compo-
nents hence have different adsorption pathways forNPs.Gram-negative bacteria have
a unique structure lipopolysaccharide (LPS) which provides a negative charge, and
it is responsible for attraction of NPs, whereas in gram-positive bacterial cell wall
consists of teichoic acid, so NPs get dispersed along the molecular chain of phos-
phate, and this prevents their aggregation (Hajipour et al. 2012; Wang et al. 2017).
The mechanism of NPs bactericidal action also depends on structure and compo-
nents of bacterial cell. The mechanism of NPs penetration was through diffusion and
adsorption (Melander et al. 2018; Slavin et al. 2017).
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There are several mechanisms that were proposed as the emergence of NPs as
antimicrobial agent. For example, bacterial cell metabolism can be changed by using
metal NPs. The NPs have a promising potential as a cure for bacterial diseases.
The NPs have shown their ability to enter biofilms and inhibit its formation shown
by Ag-inhibited expression of genes (Wang et al. 2017). NPs to carry out their
antibacterial action must come in contact with the bacteria. This contact can be
in the form of electrostatic attraction, interaction between receptor–ligand, van der
Waal force and hydrophobic interactions (Hajipour et al. 2012). NPs after crossing
bacterial membrane can affect the metabolism of bacterial cell, influencing a change
in its shape and the cell membrane’s function. The natural bacterial metabolism
cycle plays an important role in sustaining bacterial growth and development and in
addition can also be a cause of disease. Bacterial metabolism disruption damages the
membrane of bacterial cell and induces oxidative stress, eventually leading to death of
bacterial cells (Wang et al. 2017). Further, NPs can also react with bacteria’s genetic
components like DNA, ribosomes, lysosomes and interfere with enzymes which can
lead to oxidative stress, change in permeability of the cell membrane, heterogeneous
alteration, disorder in electrolyte balance, inhibition of an enzyme, deactivation of
a protein and interfere with the expression of genes as shown in Fig. 6.4 (Singh
et al. 2014). CuO NPs influence was studied on bacterial denitrification. It was seen
that there was significant alteration in the expression of the key proteins. CuO NPs
lead to interference with the proteins that were involved in the nitrogen metabolism,
transfer of electrons and transfer of substance (Pelgrift and Friedman 2013). But the
following three mechanisms have been mostly proposed and followed in research.
They are oxidative stress, release of metal ions and non-oxidative mechanisms.

Among NPs antimicrobial mechanisms, one of the important ways is production
of reactive oxygen species (ROS)-induced oxidative stress. ROS are those molecules

Fig. 6.4 Mechanisms for antimicrobial activity of nanoparticles. Adopted from: Singh et al. (2014)
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with reactive intermediate having a strong positive redox potential, and various other
types of ROS were produced by reduction of oxygen molecules using different types
of NPs. There are generally four types of ROS exhibiting different dynamics level
and activity, they are superoxide radical (O2−), hydrogen peroxide (H2O2), hydroxyl
radical (OHo) and singlet oxygen (O2) (Dwyer et al. 2009). Studies have showed
that (OHo) and O2 have a more potent bactericidal activity as compared to O2− and
H2O2 as they may be neutralized by various endogenous antioxidants like catalase
and superoxide enzymes (Wang et al. 2017). TiO2 nanoparticles let the bacterial
DNA’s compression, degeneration and fragmentation, thus reducing physiological
activity of the genes. The affinity and mode of binding of TiO2 NPs with DNA
were predicted using molecular docking, that showed TiO2 NPs targets G:C-rich
DNA. Further, analysis of the whole genome was used to identify the molecular
mechanism of the bacterial apoptosis (Wang et al. 2017). In normal conditions, the
ROS production and its clearance inside the bacterial cell are in balanced condition,
but with the excessive ROS production oxidation is favoured by the redox balance
in cell. The oxidative stress is thus produced by this unbalanced redox balance, that
leads to the damage of individual components of the cell (Nel et al. 2006).

Metal oxides release their ions in the environment slowly that are absorbed by the
bacterial cell membranes, and these metal ions can directly interact with the proteins
and nucleic acid’s functional groups like mercapto (–SH), carboxyl (–COOH) and
amino (–NH) groups, causing damage to enzyme activity, disruption of cell structure,
interfering with normal physiological metabolic processes and finally inhibiting the
microorganisms (Wang et al. 2017). Metabolic pathway of bacteria is not isolated,
but is incorporated into living cell’s complex activity. Therefore, deliberate alteration
of the bacterial metabolism can be utilized to regulate the pathogenicity of bacterial
cell. Various mechanisms for the effects of nanoparticles on bacterial metabolism
have been suggested, including a mechanism for reactive oxygen and a mechanism
for metal ion dissolution (Melander et al. 2018).

6.3.2 Different Types of NPs and Their Action

There are different types of metallic nanoparticles like copper, gold, silver,
aluminium, zinc, magnesium and titanium nanoparticles. These nanoparticles have
different mechanism of action as bactericidal, antiviral and antifungal agents. Some
of the metal and metal oxide nanoparticles and their activity are briefly discussed as
follows:

Silver Nanoparticles

Silver nanoparticles have a wide range of applications in medical field like in treat-
ment of wounds, burns and infections. The salts derived from silver and in its various
forms are found to be antimicrobial in nature. It is also reported that Ag nanopar-
ticles can be used as medium for delivering the antibiotic to target sites, and there
is a possibility of antibiotic coating with Ag to enhance antibiotic activity (Wang
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et al. 2017). Multiple studies have been conducted to explain the mechanism of Ag
nanoparticles as microbial growth inhibitors. According to one of the mechanisms,
Ag nanoparticles show high affinity for sulphur moiety and phosphorous moiety of
proteins and genetic elements in bacterial cell, Ag nanoparticles react with these
moieties of protein and effects viability of cell of the bacterial or it can also interfere
with enzyme action. Ag nanoparticles also react with the phosphorous of genetic
material (DNA mostly) and inactivate its replication, hence stopping its growth and
reproduction (Pelgrift and Friedman 2013; Qu et al. 2013). Silver NPs also have the
ability of targeting bacterial membrane ultimately that causes dissipation of proton
motive force that leads to blockage of oxidative phosphorylation (Singh et al. 2014).
It was reported that Ag nanoparticles with a characteristic size which has less than
20 nm diameter are able to attach itself to the sulphur moiety of proteins on cell
membranes which ultimately makes it more permeable and finally bacterial death
(Rai and Bai 2011). Silver NPs have ability to modulate bacterial signal transduction.
Ag+ ions have the ability to interact with thiol groups of important enzymes causing
their inactivity leading to the disruption of cellular functions, and this can collapse the
membrane potential and inhibit ribosomal binding to the ribosomal ribonucleic acid
(rRNA) (Singh et al. 2014). NPs that are within the size of 10–15 nm have been found
to show concentration dependent effects against both the groups of bacteria (gram
positive and negative). At microlevel concentration, it has showed effect such as in
oxidative phosphorylation, uncoupling of respiratory electron transport chain, inter-
fering with the permeability of bacterial cell membrane with respect to the exchange
of phosphate and protons or inhibition of enzymes of respiratory chain. Further
increase in concentration of Ag+ ions has shown effects on cytoplasmic components
and genetic materials (Rai et al. 2009). Ag NPs smaller than 10 nm were found to
be toxic for E.coli and Pseudomonas aeruginosa (Li et al. 2008).

A study of silver NPs effect on bacterial cell morphology was done which on
E.coli. The results of Ag+ ions showed similar effects on morphology of bacteria. It
detached the cell wall from the cell membrane (Choi et al. 2008). It was found out
that the gram-negative bacteria had more inhibitory effect as compared to the gram-
positive bacteria. This might be due to the composition of gram-positive bacteria
that has a thick peptidoglycan layer in cell wall which might prevent it from the
inhibitory action of silver ions (Rai and Bai 2011). The silver and sulphur ions form
dense granules of electrons inside the cytoplasm which suggest that Ag NPs may
have interacted with the nucleic acids and somehow impaired the DNA replication
that lead to the cell viability loss and finally death of cell (Rai et al. 2009). Ag NPs
have also proved to inhibit biofilms (Sheng and Liu 2011).

Ag NPs of size 2–5 nm using integrated with green fluorescent protein (GFP)
in E. coli was studied. It was found that Ag NPs below 100 nm caused perforation
in cell wall via getting attached to it and lead to bacterial death. Studies showed
the activity of Ag NPs on bacteria were size- and shape-dependent. An experiment
on E. coli was done using truncated triangular-, spherical- and rod-shaped Ag NPs,
and the maximum effect was seen in case of triangular nanoplates. The smaller the
particle higher was its antimicrobial activity (Wang et al. 2017). Silver NPs produced
from biosynthetically from fungus, plants extract and bacteria have shown strong
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antimicrobial efficacy against multidrug-resistant (MDR) mycobacterium tubercu-
losis (Singh et al. 2014). Agarwal et al. (2013) studied the effect of biosynthesized
silver nanoparticle against standardMycobacterium tuberculosis along with 26 other
chemical isolates that induced “multidrug resistance (MDR), drug sensitive (DS),
extensive drug resistant (XDR) and mycobacteria other than tuberculosis (MOTT)
strains” and found out they have effective bactericidal activity. Ag-ACF/CNF (silver
nanoparticle composite with activated carbon nanofibres (ACF) or carbon nanofibres
(CNF)) was found to have lethal inhibitory effect on bacteria E.coli and S.aureus that
were completely inhibited in duration of 72 h (Singh et al. 2013; Singh et al. 2014).
Silver nanoparticles synthesized in the presence of sesameoil cakewere found to have
good inhibitory effect on gram-negative bacteria like P. aeruginosa, K. pneumoniae
and E.coli (Alfuraydi et al. 2019).

Copper Oxide and Copper Nanoparticles

CuO has a monoclinic structure and semiconducting in nature. Among the copper
compound family, it is considered as the simplest with potentially advantageous
properties with respect to superconductivity, high temperature effects on electron
correlation and with spin dynamics which makes it valuable for large array of appli-
cations (Rai and Bai 2011). The crystal structure of CuO possesses photovoltaic
and photocatalytic properties as well as photoconductive functionalities (Santo et al.
2008). CuO is used as antimicrobial agent as it is cheaper compared to that of silver,
readily mixes with the polymers and comparably stable if we consider its physical
and chemical properties which make it useful in wide applications. CuO as ionic
nanoparticle can act as potent antimicrobial owing to its unique crystal morphology
and high surface area such as its active action against a range of hospital acquired
infection but is concentration dependent (Nel et al. 2006). It has been hypothesized
that if the amount of peptidoglycans (negatively charged) is reduced, gram-negative
bacteria (Pseudomonas aeruginosa and Proteus spp.) become relatively less vulner-
able to those positively chargedNPs.However, combinedNPs ofCuOandAg showed
greater activity towards gram-negative strains in time-kill experiments (Haipour et al.
2012). Studies suggested that for the optimal activity as antimicrobials, local envi-
ronments need the presence of ions in it. B.subtilis have been found to susceptible
towards CuNPs action as the affinity of Cu is higher towards the amines and carboxyl
groups that are abundant on its cell surface (Huh and Kwon 2011). Copper ions can
intercalate with the nucleic acid strands and interact with DNAmolecules. It can also
disrupt the biochemical processes by getting inside the cells of bacteria (Melander
et al. 2018).

The mechanism of action of Cu and Cu-based nanoparticles is reported to be
associated primarily to the large surface area-to-volume ratio of the nanoparticles
(Pramanik et al. 2012). Cu nanoparticle-specific mechanism of action on bacterial
cells is mainly threefold, as shown in Fig. 6.5. Firstly accumulation and diffusion
of the nanoparticles through the bacterial cell membrane, subsequently altering the
permeability of the cell membrane by blocking or inducing excess release of one or
several lipopolysaccharides, membrane proteins and transmembrane proteins which
may constitute one mechanism of cell rupture. Secondly, the nanoparticles may
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Fig. 6.5 Known mechanisms of action of Cu and CuO nanoparticles on bacteria. Adopted from
Chatterjee et al. (2014)

induce release of their constituent metal ions, which may trigger a host of reactive
oxygen species (ROS) generation, leading to oxidative damage of the cell membrane
andDNAdamage. The third reportedmechanism of action of Cu-based nanoparticles
involves the sequestering of the nanoparticles inside the cell, following which the
nanoparticles bind to specific enzymes, blocking respiration (Chatterjee et al. 2014).

The nature and antimicrobial efficacy in a designed nanoparticle system may
include one or a combination of these mechanisms. Additionally, the mechanism of
action is also dependent on the size, shape, charge, coating and crystallinity of the
nanoparticles apart from the nature of the microbes (Chatterjee et al. 2014; Wang
et al. 2017). Some studies also indicated the broad spectrum activity of Cu-based
nanoparticles, by demonstrating their mode of action by interaction and subsequent
distortion and damage of phosphorus and sulphur containing biomolecules, such
as DNA and proteins, respectively (Ruparelia et al. 2008). The hydroxyl radicals
produced by copper ions and metals were found to damage the DNA and necessary
proteins of E.coli (Baek and An 2011). Cu-ACF/CNF was found to have lethal
inhibitory effect on bacteria E.coli and S.aureus (Singh et al. 2013; Singh et al.
2014).

Titanium Dioxide Nanoparticles

The most widely used photocatalyst is TiO2 because of its low cost, high photosta-
bility and efficiency in generating reactive oxygen species (Singh et al. 2014). The
semiconductor TiO2 is utilized as a photocatalyst to induce a series of reductive and



6 Application of Metal and Metal Oxide Nanoparticles … 133

oxidative reactions on its surface (Musee et al. 2011). TiO2 is shown to have antimi-
crobial activity hence it is utilized in various applications, such as water disinfection,
paints, protection of marbles from microbial corrosion, coating on wood, fabrics,
food packing films and as a surface disinfectant (Foster et al. 2011). There are mainly
three crystal phases of TiO2 referred as anatase, rutile and brookite. Composition of
these crystal structures is shown to have an impact on its photocatalytic properties
(Mahmoud et al. 2018; Mcwan et al. 2011).

The bandgap of TiO2 is reported as 3.2 eV. TiO2 shows photocatalytic activity
when it is illuminated with ultraviolet light at wavelength less than 385 nm, this gives
it strong oxidizing power and is the basis of its inhibitory activity and bactericidal
action. When photoexcited by UV light TiO2 particle generates Reactive oxygen
species (ROS) which are responsible for the killing of bacteria as shown in Fig. 6.6
(Sahu et al. 2011). The effect of photocatalysis has been studied on E.coli present in
water. TiO2 NPs show photocatalysis which can provide an alternative means to self-
disinfect surfaces that are contaminated and its further application can be extended
to find out potential disinfecting solutions to prevent formation of biofilm, which can
be used in food processing industries (King et al. 2018). TiO2 has been found to have
effective bactericidal action on E.coliwhich has been the basis of development of the
photocatalytic methods for bactericidal action against bacteria in aqueous environ-
ment (Sunanda et al. 1998). There has been studies on the effect of TiO2 NPs which

Fig. 6.6 Mechanism of disinfection when TiO2 is used as photocatalyst under UV irradiation.
Adopted from Wang et al. (2013)
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showed that on UV irradiation it can be used effectively to reduce the time of disin-
fection, eliminating microorganisms from food that are pathogenic and to increase
the food safety (Baruah and Dutta 2009). Though using TiO2 has a major disad-
vantage, to activate the photocatalysis and initiate bactericidal action it requires UV
irradiation. Nowadays, Ag/AgBrTiO2 that are visible light absorbing photocatalyst
have been proved effective in killing E.coli and S.aureus (Hu et al. 2006). Stoyanova
et al. (2013) prepared TiO2-ZnO nanocomposites by nonhydrolytic sol–gel method.
Synthesized TiO2-ZnO nanocomposites were found to be highly effective against E.
coli in the presence of UV irradiation. In the case of visible irradiation only one log
reduction achieved under 2 h. Wu et al. (2010) demonstrated the effect of Cu doped
TiO2 on Mycobacterium smegmatis and found that the growth rate of this bacteria
reduced by three folds probably due to the release of Cu2+ ions from parent NPs. In
Salmonella typhimurium TiO2 was found to induce weak frameshift mutations (Pan
et al. 2010) and also the NP was found toxic to Psuedomonas aeruginosa (Maness
et al. 1999). TiO2 nanoparticles can be used in dental applications because of its
antibacterial properties against bacteria like S. mutans and S. sanguinis (Magraner
et al. 2020).

Zinc Oxide Nanoparticles

Zinc oxide NPs among various other metal oxides that were studied have been found
to be remarkably toxic. ZnO consisting of a band gap of ~3.2 eV similar to TiO2

was treated as an alternative for photocatalytic activity against pathogens and other
pollutants, such as pesticides and pharmaceuticals. ZnO had the same disadvantage
as TiO2, i.e. it is active only under UV irradiation. Its application as antimicrobials
is favoured by its property of stability is harsh condition in addition to compa-
rably low toxicity when conjugated with potent antimicrobials (Rai and Bai 2011).
ZnO NPs have been found to be selectively toxic on bacteria with minimal side
effects on cells of human body, these factors favour its recommendation to use it in
food and agricultural industries. ZnO NPs have shown strong antimicrobial effect
on food borne bacteria like Salmonella typhimurium and Staphylococcus aureus.
Where ZnO NPs could cause complete lyse of these bacteria. ZnO NPs with 12 nm
have been studied which showed inhibition of growth in E. coli by disruption of
the cell membrane and by increasing the permeability of membrane. These finding
support that the ZnO NPs can be effectively used in the applications in food indus-
tries to treat bacteria (King et al. 2018; Baruah and Dutta 2009). ZnO NPs were
found to cause death by inducing oxidative stress and increasing cell permeability
in methicillin-resistant Streptococcus agalactiae and S.aureus (Huang et al. 2008).
Among various mechanism proposed to explain ZnO NPs antibacterial activity, the
hydrogen peroxide generation from the ZnO surface is found to have potent action
on inhibition of growth in bacteria. It is hypothesized, smaller size of particles and
increase in number per unit volume increases the surface area and is responsible
for generation of hydrogen peroxide. ZnO may also release Zn2+ ions which can be
possibly another mechanism by which it can damage the cell membrane and interact
with the intracellular contents (Brayner et al. 2006).
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Studies also showed the effect of ZnONP onmethicillin-resistant Staphylococcus
aureus (MRSA) and it was demonstrated that these NPs can get internalized inside
cell that can cause cell membrane damage and disorganization of the cell wall. It is
also known to increase oxidative stress inside the cell causing damage to the lipid,
protein and DNA (Singh et al. 2014). Luo et al. (2013) showed the synergistic effect
of ZnO with 25 different antibiotics against S.aureus and E.coli. They found that
ZnO somehow enhanced the antimicrobial activity of penicillin, aminoglycosides,
clarithromycin and tetracycline. ZnO NPs coated over glass surfaces were found
to interfere with biofilm formation of E.coli and S.aureus (Applerot et al. 2012).
Biocompatible nano-ZnO-bacterial cellulose (BC) has been found to show significant
antibacterial activity against bacteria B. subtilis and E. coli (Dinca et al. 2020).
Biogenic zinc oxide nanoparticles developed from aqueous Pandanus odorifer leaf
extract (POLE) were found to show excellent antimicrobial activity against gram-
positive bacteria Bacillus subtilis and gram-negative bacteria E.coli (Hussain et al.
2019).

Gold Nanoparticles

The most important property of gold NPs is its biocompatibility which makes it an
extensively used material in organisms. The biologically inert nature of gold NPs
can be altered to have chemical functionality and also photothermal functionality.
Gold nanoparticles, cages, nanorods and spheres on exposure to near-infrared radi-
ation (NIR) showed destruction of cancer cells and killing of bacterial cells through
photothermal heating. Combination of photodynamic antimicrobial chemotherapy
with NIR photothermal radiation of Au nanorods that was conjugated with the photo-
sensitizers killed methicillin-resistant Staphylococcus aureus (MRSA) (Rai and Bai
2011; Brown et al. 2012). Au NPs with light absorbing capacity combined with
specific antibodies have shown to destroy Staphylococcus aureus with the help of
laser. In case of Vancomycin Resistant Enterococci (VRE) it was found out that
the effect of antibiotic vancomycin showed synergistic effect with gold NP coating
(Wang et al. 2017). Cefaclor which is a second-generation β-lactam antibiotic, when
used with Au-NPs showed higher effect on both types of bacteria S.aureus (gram
positive) and E.coli (gram negative) as compared to when they are used alone. Pepti-
doglycan layer of cell wall becomes porous by the action of cefaclor which acts as
a cell wall synthesis inhibitor. This action gets enhanced by the action of Au NPs
which generated holes on cell wall, leading to cell leakage and death of bacteria.
Possibility is also that gold NPs inhibit uncoiling of DNA and also its transcription
via binding to it (Hajipour et al. 2012). In solution Au NPs produced Au3+ ions along
with decarboxylation of citrate produced free radicals in presence of light and were
found to be responsible for photomutagenicity in Salmonella typhimurium (Wang
et al. 2011).

Magnesium Oxide Nanoparticles

Nanoparticle metal oxides that are highly ionic can be prepared having a high
surface area in addition to unusual morphologies of the crystal that have numerous
edge/corners as well as reactive surface sites. Aerogel procedure (AP-MgO) is used
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for preparation of magnesium oxide (MgO) and MgO produced could be of varying
shapes like polyhedral or square with size around 4 nm that is arranged within an
extensive porous structure with ample pore volume (Rai and Bai 2011). AP-MgO
NPs possess an interesting property for adsorbing and retaining elemental chlorine
and bromine for a longer time (months), this combination of Ag-MgO/X2 NPs can
show potent killing activity against both types of bacteria and their spores. It can be
used as a potent disinfectant. This property of Ag-MgO NPs to carry big amount of
active halogens can be attributed to its high surface area and also enhanced surface
reactivity (Pelgrift and Friedman 2013). The small size of NPs lets it cover around
the cell of the bacteria to a large extent and this brings active halogens in high
concentration in closeness to bacterial cell. These conditions in test against Bacillus
megaterium and E.coli have shown good results and also against spores of Bacillus
subtilis. AP-MgO/X2 has a positive charge in water suspension, which is opposite to
the charges on bacteria and spore cells increasing the effect of NPs and responsible
for its bioactivity. It was observed using confocal microscopy that when the bacteria
and NPs are together in water suspension, their opposite charges tend to bring them
together in the form of aggregates. It was found that halogenated magnesium oxide
has an active influence on bacteria and in particular their cell membranes. This was
done using atomic force microscopy and electron microscopy studies. Hence, it was
seen that the NPs of MgO with X2 (Cl, Br) showed synergistic effects (both strong
and fast) on bactericidal action and also more effective against the spores (Melander
et al. 2018). Biofilm formation of E.coli and S.aureus was found to be inhibited with
the use of MgF2 NPs (Musee et al. 2011).

Aluminium Nanoparticles

AluminaNPs showed effect of growth inhibition onE.coli over a concentration range
of 10–1000 μg/mL but this effect was observed only when the concentrations were
very high. This can be associated with the surface–charge interaction of the particles
with the cells. The prevention of cell wall disruption and desperate antimicrobial
action is possibly because of its property of free-radical scavenging. Alumina has
a corundum-like structure which is thermodynamically stable over a wide range of
temperature. The corundum structure consisted of oxygen atoms with hexagonal
close packing and two third of octahedral sites filled by Al3+ ions. Near neutral pH
alumina NPs surface carried a positive charge. This resulted in adhesion of NPs to
the negatively charged surface of E.coli which increased the concentration of NPs
around it and negatively influenced its growth. The bacterial adhesion may be due to
the electrostatic interaction of particle surface with bacterial surface in addition to
the hydrophobic interaction as well as polymer bridging. Reactive oxygen species
(ROS) generation can be causable factor for the antimicrobial effect of the metal
oxides which disrupts the cell wall, finally cell death. But alumina as free radical
scavengers have also been reported (Rai and Bai 2011). Al2O3 NPs of size 50–
70 nm was found to cause damage to bacterial cell wall and increase its membrane
permeability by binding to its cell wall in E.coli (Jiang et al. 2009).
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6.3.3 Factors Affecting Antibacterial Properties
of Nanoparticles

There are several factors that affect the nanoparticles (NPs) bactericidal properties,
like size, shape, charge and others. Further environmental condition also has signif-
icant impact on its properties. It also depends on bacterial strain and the exposure
time for its activity. The following factors are described briefly that affect the physic-
ochemical properties of nanoparticles. Size of nanoparticle, smaller size provides it
with large surface area that increases the probability of contact between bacteria and
nanoparticles and help in passing through the cell membrane of bacteria compared to
largerNPs. Shapewas found that activity ofNPs changed significantlywith change in
its shape with similar NPs. On increasing the roughness of NPs adsorption of bacte-
rial proteins increases with the reduction in bacterial adhesion (Wang et al. 2017).
Zeta potential has a significant influence on bacterial adhesion. The charges on NPs
and bacterial cell membrane are important factors for the electrostatic force between
them. Oppositely charged NPs tend to gather selectively at sites of bacterial infec-
tion and increase the vascular permeability. Doping modification was found to be
one of the most adequate method by which we can regulate and have control over the
NPs and bacterial interaction. Sahu and Biswas (2011) synthesized Cu-doped TiO2

and found that with increasing Cu doping the crystal phase changed from anatase
to rutile and the growth of particles were restricted and also the band gap came to
visible region. Environmental conditions, the antimicrobial activities of NPs, were
found to vary with different environmental conditions. The medium characteristics
like pH and osmotic pressure influence the surface charge, aggregation and solubility
of NPs which in turn affect its activity (Wang et al. 2017; Hajipour et al. 2012).

6.4 Conclusion and Future Perspectives

The bacterial strains have developed resistance against many generations of drugs,
leaving very little options for treatment of bacterial infections. The gram-positive and
gram negative-bacteria respond differently to the antibiotics due to the difference in
their cell wall composition, and gram-negative bacteria tend to be more effected as
compared to the gram-positive bacteria due to the difference in thickness and compo-
sition of cell wall. The mechanism of action of antibiotics on bacterial cell is mainly
through three mechanisms, first by targeting its cell wall, second by inhibiting the
protein synthesis or third by inhibiting the DNA replication of bacteria. The bacteria
have also evolved variousmechanisms to negate the effect of antibiotics on them, like
increase in function of efflux pumps or changing antibiotic binding receptor sites.
This change is brought about in bacteria either by genetical basis which includes
mutational resistance and horizontal gene transfer both of which are inheritable to
the next generation. Various kinds of NPs like Ag, Au, MgO, aluminium, TiO2 and
ZnO have antimicrobial action on different types of bacteria either individually or



138 C. Mandal and M. Sahu

in doped condition and generally follows mechanism of oxidative stress, dissolved
metallic ions or non-oxidative stress conditions. Some NPs involve multiple mech-
anism simultaneously to kill bacteria. The antimicrobial action of NPs on bacteria
are mainly through one of the following, firstly interaction with its cell barrier, either
by creating pores in it or preventing it from formation or disrupting the cell barriers.
The NPs penetrate the cell barrier either by diffusion or get adsorbed on the cell
membrane. Secondly, by inhibiting the synthesis of bacterial protein andDNA. Third
by regulating the expression of bacterial metabolic genes and also by inhibiting the
formation of bacterial biofilm. The NPs advantage as antimicrobials can be summa-
rized as it can be helpful in overcoming existing antibiotic resistance organisms, or it
can combat microbes via multiple mechanism simultaneously or it can act as a good
carrier of antibiotic. Several characteristics of NPs such as size, charge, shape, zeta
potential, surface morphology and crystal structure and environmental conditions
such as pH, osmotic pressure impact the antibacterial potential. With the desired
characteristics, NPs can be utilized as an antimicrobial agent. Furthermore, NPs can
employ several mechanisms simultaneously on bacteria and let it unlikely to develop
resistance against it, thus having a potential of solving MDR in bacteria.
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Chapter 7
Perovskite BiFeO3 Nanostructure
Photocatalysts for Degradation
of Organic Pollutants

Simant Kumar Srivastav, Swatantra P. Singh, and Kamlesh Kumar

Abstract Environmental remediation is a need of time, due to rapid industrializa-
tion, urbanization, and changing lifestyles of people.Nanomaterials offer great poten-
tial for efficient detection and removal of pollutants due to their vast array of useful
properties. Recently, the magnetic property and catalytic activity of Bi-based oxide
nanostructures have been exploited for environmental applications such as catalytic
oxidation of recalcitrant pollutants and simultaneous magnetic recovery. The loss
of the catalyst over cycles can be prenevted and makes these catalyst cost-effective.
Thereby, bismuth (Bi)-based oxide nanostructures can serve as the right candidate
for sustainable pollutant remediation. Among bismuth (Bi) -based oxide, perovskite
type-BiFeO3 nanostructures are unique potential photocatalyst due to its multiferroic
behaviour, narrow band gap and chemical stability. In this chapter, crystal structure,
the state-of-the-art in the synthesis, charaterizations and photocatalytic degradation
mechanism of BiFeO3 are discussed. The strategies to improve the photocatalytic
performances of BiFeO3 for organic pollutants are discussed.

Keywords Nanostructures · Nanoparticles · Nanocomposite · Water remediation ·
Bismuth ferrite · Graphene · Photocatalysis · Organic pollutants

7.1 Introduction

The spread of pollutants in the environment has become a global menace, due
to rapidly growing industrialization, urbanization, and changing lifestyles, which
contaminates environment through distribution in the water, air, and soil and causing
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great harm to human health (Peng et al. 2004; Singh et al. 2010; Fu and Wang
2011). In view of this, easy and efficient methods for environmental decontamina-
tion are necessary. The advent of nanotechnology has offered significant scope and
opportunities to revolutionize approaches towards the environmental applications of
nanomaterials by enhancing the multifunctionality and versatility (Yunus et al. 2012;
Khin et al. 2012; Chang et al. 2018). Nanomaterials shows unique functionalities due
to large surface-to-volume ratios i.e. high specific surface area which is difficult to
obtain using traditional chemicals or bulk materials. The high specific surface area
and hence high reactivity at nanoscale makes them excellent adsorbents, catalysts
and sensors (Yunus et al. 2012; Khin et al. 2012; Chang et al. 2018; Lu et al. 2016;
Yaqoob et al. 2020). These unique properties of nanomaterials have been utilized
to degrade and scavenge pollutants in water and air (Fu and Wang 2011; Yunus
et al. 2012; Khin et al. 2012; Yaqoob et al. 2020). Therefore, nanomaterials play an
important role in environmental remediation.

In the past decades, nanostructured semiconducting materials such as, ZnS, CdS,
ZnO, and TiO2 have shown significant photosensitive properties which have been
utilized as photocatalysts for remediation ofwater and air frompollutants after photo-
catalytic oxidation (Maeda 2011; Shaheen et al. 2020; Lam et al. 2012; Sin et al.
2012). Nevertheless, the application of most of these semiconductor photocatalysts
are practically limited due to two main factors; (1) wide band-gap that absorbs light
only in UV-region, (2) the fast recombination of charge carriers, which lowers the
efficiency of photocatalyst (Herrmann 1999). To circumvent these two limitations, a
new group of materials having perovskite structure is getting importance for photo-
catalysis (Shi and Guo 2012; Kanhere and Chen 2014; Wang et al. 2015a; Chen et al.
2015). The perovskite structure has a general formula, ABO3, where ‘O’ is oxygen,
‘A’ represents a cation (divalent or trivalent) with larger ionic radius, and ‘B’ repre-
sents a cation (tetravalent or trivalent) with smaller ionic radius. ABO3 materials
have shown better photocatalytic performances than other semiconductor photocat-
alyst due to narrow band-gap and photo-physical properties of A and B cations (Shi
andGuo 2012;Kanhere andChen 2014). Several perovskite oxides have been studied
as photocatalyst such as ferrites, tantalates, and titanates (Shi andGuo 2012; Kanhere
and Chen 2014; Wang et al. 2015a).

Among these perovskite oxides, nanostructure BiFeO3 (BFO) have shown great
potential as a promising visible light-responsive photocatalyst for the degradation
of organic pollutants due to the following properties: (i) room temperature multi-
ferroic behaviour, which favours charge carrier separation efficiently, (ii) band-gap
exists in visible-light region, and, (iii) excellent chemical stability (Bai et al. 2016;
Lam et al. 2017; Irfan et al. 2019; Yin and Mi 2020). Recent increasing interest in
developing methods to synthesize nanostructured BiFeO3 due to its enhanced func-
tionality and applications at nanoscale (Bai et al. 2016; Lam et al. 2017; Irfan et al.
2019; Yin and Mi 2020). For example, bulk BiFeO3 is not magnetic material but
it starts showing magnetic properties when its size reduced to nanoscale (Yin and
Mi 2020). Its magnetic property along with catalytic activity, can be utilized in the
environmental applications (Bai et al. 2016; Lam et al. 2017; Irfan et al. 2019; Yin
and Mi 2020). BFO nanostructures have shown excellent catalytic properties with
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different dyes such as methyl orange (MO) (Wang et al. 2016a; Gao et al. 2015),
Rhodamine B (RhB) (Zhang et al. 2012), and methylene blue (MB) (Li, Y.a., Li,
Chen et al. 2019). A number of factors such as morphologies, doping, formation
of nanocomposites with other materials can affect the photocatalysis behaviour of
BiFeO3 nanostructures.

This chapter discusses crystal structure, state of the art in synthesis, charac-
terization, and photocatalytic performances of BiFeO3 nanostructures. The sol–
gel and hydrothermal methods for the BiFeO3 nanostructure are discussed. This
chapter provides a comprehensive understanding for perovskite BiFeO3 nanostruc-
ture in terms of its synthesis process, possible ways of improving its photocatalytic
performance and its application in for the degradation of organic pollutants.

7.2 Crystal Structure of BiFeO3

BiFeO3 is, perhaps, the only single phase magnetoelectric multiferroic material that
exhibits ferroelectric (TC = 1103 K) and antiferromagnetic (TN = 640 K) properties
at or above room temperature (Catalan and Scott 2009). At room temperature BiFeO3

has a rhombohedrally distorted perovskite structure with a space group R3c (Catalan
and Scott 2009). The rhombohedral unit cell has lattice parameter of arh = 5.63 Å,
distorted angle of αrh = 59.4º at room temperature. In the cubic BiFeO3 perovskite
type unit cell, where Bi-ion sits at the corners of the cube and Fe-ion sits at the body
center position of the cube and oxygen at the center of each face positions as shown in
Fig. 7.1a (Catalan and Scott 2009; Chu et al. 2007). Another view of cubic structure
is the tree dimensional network formed by the corner sharing of the FeO6 octahedra.

Fig. 7.1 a Schematic diagrams of a distorted rhombohedral perovskite structure of the BiFeO3.
The ferroelectric polarization and antiferromagnetic plane are indicated by the arrow sign and
shaded planes respectively (Chu et al. 2007). b Schematic presentation of the BiFeO3 unit cell in
the hexagonal and pseudo-cubic settings of R3c space group (Lazenka et al. 2012)
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The structure of BFO can also be represented as pseudo-cubic structure. In pseudo-
cubic representation two distorted perovskite unit cells (lattice parameter ac = 3.96Å
and pseudo cubic angle αc = 89.3–89.4°) are connected along their body diagonal
[111]pseudocubic (c) to form a rhombohedral unit cell as shown in Fig. 7.1a (Chu et al.
2007). A rhombohedral unit cell representation can be transformed to an equivalent
hexagonal representation as shown in Fig. 7.1b, in which the pseudo-cubic direction
[111]c corresponding to the hexagonal [001]hex. The hexagonal lattice parameters
are ah = 5.57 Å and ch = 13.90 Å at room temperature (Catalan and Scott 2009;
Lazenka et al. 2012).

BiFeO3 is a room temperature ferroelectricmaterial. The ferroelectric polarization
of BiFeO3 is due to the dislocation of Bi3+ ions relative to the FeO6 octahedral
and directed along the diagonals of perovskite unit cell i.e. [111]c or [011]hex as
shown in Fig. 7.1 (Catalan and Scott 2009; Chu et al. 2007). BiFeO3 is G-type
antiferromagnetic where Fe magnetic moments couples ferromagnetically coupled
within planes and antiferromagnetically between adjacent planes (Catalan and Scott
2009; Chu et al. 2007; Lazenka et al. 2012).

In the perovskite structures, the rotation angle of oxygen octahedra is a critical
structural parameter. For a cubic perovskite, the rotation angle of oxygen octahedra
is 0° (Catalan and Scott 2009). The stability and distortion of a perovskite unit cell is
measured byGoldschmid tolerance factor, t, which is defined as (rBi+rO)/

√
2(rFe+

rO), where r is the ionic radius of the respective ions (Catalan and Scott 2009). For
BiFeO3, t is 0.88 (Catalan and Scott 2009). The ‘t’ smaller than one results in the
buckling of the oxygen octahedra in order to fit into a perovskite unit cell. The
doping and/or co-doping for Bi3+ and Fe3+ ions changes the value of ‘t’ and also
effect the crystallographic symmetry in numerous perovskites (Catalan and Scott
2009). The oxygen octahedra (FeO6) rotation have a strong effect on crystal field
that significantly changes the dipolemoments, electronic band structures, thus affects
the behaviours of photo-generated charge carriers such as excitation, migration and
redox processes in the entire photocatalytic reaction process (Shi and Guo 2012;
Kanhere and Chen 2014).

7.3 Preparation Methods for BiFeO3

The morphology, structure and potential photocatalytic applications of BFO nanos-
tructures are strongly governed by the preparation methods(Lam et al. 2017; Irfan
et al. 2019; Zhang et al. 2016). A number of preparation methods have been intro-
duced for the synthesis of BiFeO3 nanostructures(Zhang et al. 2016; Silva et al.
2011). In general, preparation methods for the synthesis of bismuth ferrite can be
classified in to two categories: oxide precursor methods and wet chemical methods.
A bird’s eye view of the preparation methods is mentioned in Fig. 7.2.
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Fig. 7.2 Diagram showing the preparation techniques used for BiFeO3

7.3.1 Oxide Precursor Methods

Bismuth oxide (Bi2O3) and iron oxide (Fe2O3) are used as precursors in this method.
The phase diagram of Bi2O3 and Fe2O3 system suggest that synthesis of phase pure
BiFeO3 is a challenging task due to very narrow temperature stability range, which
causes the formation of impurity phases along with pure phase (Catalan and Scott
2009). In thismethod, bismuth and iron oxides aremixed and calcined at high temper-
atures which leads to formation of Bi-poor phase Bi2Fe4O9 due to high volatility of
Bi2O3. To compensate for the loss of Bi2O3 during calcination, small excess amount
of Bi2O3 is used which again leads to formation of Bi-rich phase Bi25FeO39. BiFeO3

decomposes above 675 °C into Bi2Fe4O9 and rapidly into Bi2Fe4O9 above 830 °C
(Mukherjee and Wang 1971; Tabares-Munoz et al. 1984). To prevent the formation
of impurity phase Bi2Fe4O9, the initial attempts were made for the synthesis of
BiFeO3 using solid state reaction method by adding large excess of Bi2O3 (100%).
The disadvantage of this method is to form a large quantity of impurity Bi25FeO39

phase that cannot be separated from pure BiFeO3 phase with a good yield. The impu-
rity phases can be leached out by using dilute nitric acid but this process can change
the stoichiometry of BiFeO3 by selective dissolution some elements. This method
involves high crystallization temperature of BiFeO3 is very high (Achenbach et al.
1967; Kumar et al. 2000). However, pure phase BiFeO3 can be synthesized by rapid
liquid-phase sintering technique but involvement of high calcination temperature of
nearly 880 °C for the BiFeO3 phase formation leads to the high energy consumption
and cost (Wang et al. 2004).
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7.3.2 Wet Chemical Methods

Perovskite BiFeO3 have shown intriguing the physical properties at nanoscale and
offers great potential applications (Zhang et al. 2016; Silva et al. 2011). To avoid
bismuth volatilization and necessity of nanoscale BiFeO3, a variety of low tempera-
ture synthesis methods have been used to for the synthesis of BiFeO3 nanostructures.
The low-temperature synthesis prevents the formation of impurity phases. Various
low temperature wet chemical methods are used to synthesize BiFeO3 nanostructures
as outlined in Fig. 7.2 (Zhang et al. 2016; Silva et al. 2011).Among thesemethods, the
sol–gel method as well as hydrothermal method are most efficient methods and most
common approaches for the synthesis of low-dimensional BiFeO3 nanomaterials. In
sol–gel method, proper mixing as well as distribution of cations in the solutions can
be achieved which ensures excellent chemical as well as compositional as compared
to other methods. In hydrothermal method, Phase-pure BiFeO3 nanostructures are
synthesized at much lower temperature but high pressure. Therefore, the salient
features of sol–gel and hydrothermal synthesis methods are discussed here for the
fabrication of BiFeO3 nanostructures.

7.3.2.1 Sol–gel Synthesis

Metal source, a solvent and chelation agent act as precursors for this method. The
synthesis process starts from the mixing of these precursors to form precursor solu-
tion. The precursor solutions are mixed under continuous stirring and appropriate
heating conditions which transform this solution into a polymeric state, called as
“gel”. Since the gel is liquid in nature, the final-product material can be fabricated
in different morphologies by using different deposition approaches (Zhang et al.
2016). For example, heat treatment is used to obtain nanoparticles (0 D), pouring
into template is used to fabricate nanowires or nanotubes (1D), electrospinning is
used to fabricate nanofibers, and spin-coating is used for thin films (2D). This is
graphically shown in Fig. 7.3.

For the synthesis of BiFeO3 nanostructures, metal nitrates (i.e.Bi(NO3)3.5H2O
and Fe(NO3)3.9H2O) are used as universal metal source. For solvent generally ethy-
lene glycol (EG) or 2-methoxyethanol (2-MOE) are used due to the good solubility
of various starting reagents. Chelating agents such as acetic anhydride, acetic acid,
citric acid, tartaric acid, EDTA, succinic acid, malonic acid, polyvinyl alcohol or
propylene glycol are used for the synthesis of BiFeO3 nanostructures. The reaction
between chelating agent and themetal source, known as chelation reactions, facilitate
the gelation process. The choice of a chelating agent is important for the fabrication of
BiFeO3 with specific morphologies because the phases andmorphologies of the final
products are controlled by the molecular structures of the chelating agents (Zhang
et al. 2016). For example, in a typical synthesis process of BiFeO3 nanoparticles,
equimolar amount of bismuth and iron nitrates are dissolved in solvent separately
and mixed followed by the addition of appropriate chelating agent under constant
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Fig. 7.3 Schematic for the fabrication of various nanostructures via sol–gel method

Fig. 7.4 Flow diagram for the sol–gel synthesis of BiFeO3 nanoparticles

stirring and heating at about 100 °C until liquid changes to fluffy gel. Then this fluffy
gel is calcined at 400–650 °C for 2–6 h to obtain BiFeO3 nanoparticles with different
sizes. A flow digram for the sol–gel synthesis of BiFeO3 nanoparticles is presented
in Fig. 7.4. The synthesis of BFO have been reported via sol–gel method by using
variety of chelating agents and the results are listed in Table 7.1.

7.3.2.2 Hydrothermal Synthesis

The hydrothermal method has been used widely for the synthesis of BiFeO3 due
to its low-temperature synthesis process which prevent the production of unwanted
impurities (Zhang et al. 2016). In a typical hydrothermal method, precursors which
includes, metal source, solvent (deionized (DI) water), and mineralizer are mixed
and heated in a sealed vessel (autoclave, bomb, etc.) so that the autogenous pressure
far exceeds the ambient pressure. This automatically raises the effective boiling point
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Table 7.1 Summary of chelating agents and results in sol–gel sythsis of BiFeO3 nanoparticles

Chelating Solvent Synthesis Temp.
(oC)

Particle size (nm) References

Tartaric acid DI water, Nitric
acid

600 16 Ghosh et al.
2005)

Tartaric acid EG/ Nitric Acid 500 60–90 Wang et al.
2010)

Citric acid EG 600 11 Popa et al. 2723)

Citric
acid/Tartaric acid

DI water, Nitric
acid

300 4 (C.A.) Yongming et al.
2011)

12 (T.A.) Yongming et al.
2011)

Succinic acid DI water, Nitric
acid

600 60–70 Selbach et al.
2007)

Malic aacid DI water, Nitric
acid

600 60–70 Selbach et al.
2007)

Malonic acid DI water, Nitric
acid

600 60–70 Selbach et al.
2007)

EDTA DI water, Nitric
acid

600 110 Wei and Xue
2008)

Glycerol DI water, Nitric
acid

400 100 Liu et al. 2011a)

Propylene glycol DI water, Nitric
acid

450 35 Srivastav and
Gajbhiye 2012)

of the solvent. When the nonaqueous solvent is used instead of water, the technique
is often called “solvothermal”(Zhang et al. 2016). The temperature, pH value and
mineralizer are the critical parameters in hydrothermal process which controls the
morphologies and properties of the desired materials. The temperature plays a key
role in stabilization of thematerial phase, pHvalue controls the ionization equilibrium
conditions, the mineralizer act as a “catalyst” to aid formation of the seed crystals
for the growth of desired nanomaterials (Zhang et al. 2016). The size, shape, and
morphology of desired nanomaterials can be controlled by the optimization of these
parameters. Therefore, the size, shape and morphology of BiFeO3 can be easily
controlled by hydrothermal process (Zhang et al. 2016). It is well-known that the
shape, size and morphology can significantly affect the magnetic, electrical and
optical properties (Zhang et al. 2016; Mao et al. 2005).

For the hydrothermal synthesis of BiFeO3, the precursor solution is prepared
by dissolving bismuth and iron nitrates (metal sources), in deionized (DI) water or
nitric acid (solvent) and KOH or NaOH, often used as the mineralizer, is added.
After obtaining the precursor, the solution is put in a Teflon linear autoclave for
hydrothermal processing at 150–220 °C for 5–72 hours. Then the autoclave is cooled
naturally to room temperature. The obtained precipitate is filtered and washed using
deionized water and absolute ethanol to remove all the soluble salts. Finally, the wet
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Fig. 7.5 Flow diagram for the hydrothermal synthesis of BiFeO3

sample is dried at 80–150 °C for few hours to obtain the BiFeO3 nanomaterials. A
flow digram for the hydrothermal synthesis of BiFeO3 is presented in Fig. 7.5. In this
process, the bismuth and iron nitrates first changes into Bi(OH)3 and Fe(OH)3 precip-
itates in the precursor and further addition of the hydroxide mineralizer dissolves the
Bi(OH)3 and Fe(OH)3 in hydrothermal conditions. The BiFeO3 phase formation
starts when the ion concentration in the alkaline solution surpasses the saturation
point and precipitate from the supersaturated hydrothermal fluid (Zhang et al. 2016).
A distinct advantage of the hydrothermal synthesis process over sol–gel methods is
that nanocrystalline materials can be synthesized at much lower temperatures.

The phase and morphologies of the final BiFeO3 phase shows dependence on
mineralizer and reaction conditions. A summary of this is presented in Table 7.2.

7.4 Structural Characterization of BiFeO3 Nanostructures

The following instrumental methods are used for structural and morphological
characterization of the BiFeO3 nanostructures.

7.4.1 X-ray Diffraction (XRD)

The XRD technique is used to identify the phase, crystal structure, and lattice param-
eters of a material. In this technique the diffracted X-ray intensity is measured as
a function of diffraction angle 2θ. This X-ray diffraction pattern is used to identify
the crystalline phases and to measure its structural properties. The crystallite size,
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Table 7.2 Summary of hydrothermal synthetic conditions and morphologies of BiFeO3
nanostructures

Mineralizer Solvent Synthesis temp
/time

Morphology References

KOH PVP 200 °C/5 h Cubic submicron
particles

Gao et al. (2015)

KOH PEG200 200 °C /6 h Wafer like
structure

Jiang et al.
(2011)

KOH TEA/DI water
Nitric Acid

130 °C /24 h Nanoparticles Cho et al. (2008)

KOH DI water, Nitric
acid

180 °C 1 h Nanoparticles Glenda et al.
(2011)

KOH Acetone 180 °C /72 h Nanowire Liu et al.
(2011b)

NaOH/PVP Acetone 180 °C /72 h Spindle, Cube.
Plate- like
structure

Yang et al.
(2011)

NaOH Acetone,
Ammonia

180 °C /72 h Nanocubes Wang et al.
(2015b)

D, of the materials can be calculated from the diffraction peak broadening using the
Scherrer’s formula as follows

D = Kλ

BcosθB
= 0.9λ

BcosθB

where λ is the X-ray wavelength, B is the full width of half maximum (FWHM)
of diffraction peak in “radians” at diffraction angle θB. K (= 0.9) is the Scherrer’s
constant.

The XRD pattern of rhombohedral BiFeO3 with space group R3c is presented in
Fig. 7.6. The diffraction peaks appear for the reflections from (012), (104), (113),
(110), (006), (202), (024), (116), (122), (018), and (214) planes for diffraction angle
2θ between 20° and 60°. From the analysis of the XRD pattern, one can find the
different lattice parameters for BiFeO3 as a = b = 5.57, c = 13.86, and V = 373 Å3

(Srivastav et al. 2013).

7.4.1.1 Scanning Electron Microscopy (SEM)

BiFeO3 nanostructures can be synthesized in various morphologies using different
synthesis methods for desired applications. SEM is one of the widely used tech-
nique for the characterization of shape, size, and surface morphology for BiFeO3.
As an example, the SEM images of rod, cube, and pill shaped BiFeO3 nanostructures
prepared by hydrothermal method are presented in Fig. 7.7 (Fei et al. 2011).
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Fig. 7.6 XRD patterns of
perovskite BiFeO3
nanoparticles

Fig. 7.7 SEM micrographs of a rods, b cubes, and, c pills of BiFeO3 (Fei et al. 2011)

Figure 7.7a shows a well-defined BiFeO3 rods having an average length of 1–
2 μm and an average diameter of 0.5–1 μm. Figure 7.7b shows BiFeO3 cubes
having rough surfaces and an edge length ranges from 5–10 μm. Figure 7.7c shows
BiFeO3 pills having an average diameter ranges from 0.5–1μmand an average thick-
ness ranges 100–300 nm. Therefore, SEM characterization is efficient technique for
understanding the surface morphologies of the prepared photocatalyst.

7.4.1.2 Transmission Electron Microscopy (TEM)

TEM technique is used to characterize the shape, size, morphology, crystallinity, and
crystal structure of nanostructuredBiFeO3. Selected area electrondiffraction (SAED)
is a TEM technique in which electron beam is diffracted from the selected area of
the sample to obtain diffraction patterns based on Bragg’s law which offers unique
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Fig. 7.8 a TEM image of BiFeO3 nanoparticles, b statistic particle size distribution obtained from
(a), and (c) Indexed SAED pattern of an individual BiFeO3 nanoparticle

capability to determine the Bravais lattices and lattice parameters of the nanoma-
terials. High-resolution transmission electron microscopy (HRTEM) mode of TEM
technique is used to direct imaging of crystal structure of a sample at atomic scale.
HRTEM images are used to extract information about grain boundaries, interface
formation, defects, stacking faults, and precipitates. As an example, TEM images
in different condition are presented in Fig. 7.8 for perovskite BiFeO3 nanoparticles
synthesized by sol–gel method (Srivastav and Gajbhiye 2012; Srivastav et al. 2013).

The TEM image shown in Fig. 7.6a for perovskite-type BiFeO3 nanoparticles
(Fig. 7.8a) has spherical shaped morphology with particle sizes of 10–45 nm. The
average particle size of the BiFeO3 nanoparticles are obtained from statistic particle
size distribution after lognormal fitting (Fig. 7.8b) and in this case, the average
particle size is ~ 27 nm. The SAED pattern of BiFeO3 nanoparticles is shown in
Fig. 7.8c. The SAED pattern is consists of ring pattern which is characteristic of
polycrystalline samples. These diffraction rings are indexed as (012), (110), (202),
(024), (116), and (214) planes of rhombohedral distorted perovskite phase of BiFeO3

nanoparticle which is in well agreement with the XRD results (Fig. 7.6) (Srivastav
and Gajbhiye 2012). Therefore, TEM is very invaluable characterization technique
for the nanostructured materials.

7.5 Photocatalytic Mechanism for the Degradation
of Organic Pollutants

Photocatalysismechanismof semiconductor photocatalyst involves a series of photo-
chemical reactions and starts from the production of electron and hole (e− – h+) pairs
in semiconductormaterial. The generalmodel for photocatalysis process is illustrated
inFig. 7.9.When the lightwith energygreater or equal to that the bandgapof the semi-
conducting material falls on it then light is absorbed and e− –h+ pairs are produced.
These e− –h+ pairs migrate towards the surface of photocatalyst and redox reactions
occur. The surface defects prevent recombination of these charge carriers by acting
as trapping sites. The redox reactions take place with the compounds bounded on the
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Fig. 7.9 The general model
for photocatalysis process

surface of that catalyst. The hole oxidizes H2O molecules to yield hydroxyl radicals
(•OH) and electron reduces the dissolved oxygen in water to produce super oxide
anion radicals (O2

−). These •OH and O2
− species causes the redox reactions with

organic molecules and degrades various organic contaminants. The O2
− reacts with

H+ ions to produce more •OH radicals (Yaqoob et al. 2020; Irfan et al. 2019).
The steps involved in the photocatalytic redox reactions of dye molecule are

described as:

Photocatalyst + hν → e−
(CB)

+ h+
(VB)

H2O + h+ →• OH + H+

O2 + e− → O−
2

OH + dye → oxidation process
e− + dye → reduction process

Bismuth ferrite has a narrow optical band gap at room temperature ranging from
∼2.2−2.8 eV(Lam et al. 2017; Irfan et al. 2019; Gao et al. 2015). This narrow
band gap extends the absorption up to 750 nm i.e. visible region and also favours the
separation of charge carriers. Due to ferroelectric nature of BiFeO3, the photocurrent
is generated by the depolarization of electric filed. This photocurrent facilitates the
separation of the photogenerated charged carriers and consequently restrict the charge
carrier recombination loss as in conventionally known semiconductors. The band
gap of BiFeO3 can be tuned by changing the processing temperature and this can be
reduce from 2.5 eV at ambient temperature to about 1.5 eV at 550 °C (Palai et al.
2008). It has been also found that the position of CB, oxidation potential and VB,
reduction potential are at about +0.44 and +2.60 V respectively (Fan et al. 2015;
Niu et al. 2015). These uniqueness makes BiFeO3 more favourable candidate for
photocatalysis. Therefore, BiFeO3 with narrow band gap and suitable band position
meets the basic requirements for solar light induced photocatalytic process.
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7.6 Photocatalytic Activity of BiFeO3 Nanostructures

The BiFeO3 nanostructures have shown an exceptional photocatalytic activity for
degradation of various organic dyes as model organic pollutants. The photocatalytic
performance of pure BiFeO3 photocatalyst mainly depends on nano-structuring,
surface area, photocatalyst loading, initial concentration of pollutant, pollutant type
and light source (Lam et al. 2017; Irfan et al. 2019). The photocatalytic degradation
of MO, for example, as a model organic pollutant for treating the wastewater from
dyeing industries is discussed here for examining the photocatalytic performances
of BiFeO3 nanoparticles. The UV–vis diffuse reflectance spectrum of the BiFeO3

nanoparticles synthesized by sol–gel method shows that the absorption cut-off wave-
length is about 565 nm, suggests that BiFeO3 nanoparticles can absorb visible light.
The energy bandgap for BiFeO3 nanoparticles is 2.18 eV. Taking methyl orange as
organic pollutant, the photocatalytic degradation studies shows that the degradation
rate ofMOis less than3%after 15hwithoutBiFeO3 nanoparticles andmore than90%
after 8 h with BiFeO3 nanoparticles under UV–vis irradiation. This suggests thatMO
is stable under UV–vis irradiation without BiFeO3 photocatalyst. More than 90% of
MO decolorizes after 16 h under visible light irradiation with BiFeO3 nanoparticles
photocatalyst. Therefore, BiFeO3 nanoparticles shows advantage over the normal
photocatalyst TiO2 because it can make use of visible light. The degradation rate
of MO is about 70% after 16 h with bulk BiFeO3 under UV–vis irradiation which
implies that bulk BiFeO3 is significantly less efficient than nanoparticles in similar
condition (Gao et al. 2007). This clearly indicates that nano-structuring improves the
photocatalytic performances of BiFeO3.

7.6.1 Strategy to Improve the Photocatalytic Efficiency
BiFeO3

The BiFeO3 material is not commercialized yet in photocatalytic technology due to
its low photocatalytic performance relative to other commercially available materials
(Lam et al. 2017; Irfan et al. 2019). The e−–h+ pairs formed after band-gap excitation
are very short separated. Therefore, they recombine quickly and this results in a
decrease of the quantum yield of the process. The efficiency and photocatalytic
activity of a good photocatalyst are directly affected by many factors such as e−
–h+ pairs separation and optical absorption properties i.e. electronic band structure,
morphology, particle size, porosity, and surface area. Different strategy has been
taken to enhance the efficiency as well as the activity of photocatalysis of BiFeO3

such as;

(a) Effect of surface morphology
(b) Effect of doping and co-doping
(c) Effect of O2 vacancies
(d) Formation of Heterojunction



7 Perovskite BiFeO3 Nanostructure Photocatalysts … 155

(e) Formation nanocomposites with carbon materials

7.6.1.1 Effect of Surface Morphology

The photocatalytic activity of BiFeO3 nanostructures has been improved by changing
themorphology (Wang et al. 2016a; Liu et al. 2015). BiFeO3 nanostructured catalysts
with ball like, honeycomb-like and flower-like morphologies have shown different
photocatalytic activity toward Rhodamine B (RhB) pollutant. The band gaps for ball
like, honeycomb-like and flower-like BiFeO3 catalysts are 2.08, 2.06, and 1.93 eV,
respectively. The specific surface area for ball like, honeycomb-like and flower-like
BiFeO3 nanostructures are 7.48, 3.58, and 12.38 m2/g, respectively. The rate of
degradation for RhB after 4 h is 49, 61, and 87% by ball like, honeycomb-like and
flower-like BiFeO3 catalysts, respectively. This increase in the rate of degradation of
RhB is due to difference morphology and increased specific surface area of BiFeO3

catalysts. Therefore, surface area of the photocatalyst is one of the key factors for
improving the photocatalytic performances.

The cube-like, spindles-like, and plate-likemorphologies ofBiFeO3 catalysts have
shown different photocatalytic behaviour for MO (Wang et al. 2016a). The specific
surface area of cubes, spindles, and plates is 0.526, 0.874, and 0.766 m2/g, respec-
tively and the rate of degradation of MO by cubes, spindles, and plates like BiFeO3

catalyst in 3 h is found to be 38.7, 49.8, and 69.1%. The photocatalytic activity of
plates like nanostructure is the highest among them although its specific surface area
is not the maximum because in the plates like nanostructure, the incoming light faces
more surface area. Therefore, more photons will be absorbed as a result large number
of photo-generated charge carriers will be generated which significantly improves
the photocatalytic activity of plat-like BiFeO3 structure. This result suggests that the
optical properties of the BiFeO3 nanostructures are strongly related to their shape and
exposed facet. The degradation rate of MB dye by mesh like BiFeO3 nanostructure
photocatalyst is ∼98% within 4 h under sunlight irradiation. This is attributed to
the band-bending which reduces recombination rate of charge carriers and improves
photocatalytic performance(Bharathkumar et al. 2019). These results clearly suggest
that morphology of BeFeO3 photocatalyst has strong effect on efficiency and the
photoactivity and this can be tuned by changing the morphology.

7.6.1.2 Effect of Doping

The doping is an efficient way to improve the photocatalytic performances by
controlled addition of small impurity into photocatalysts. Addition of small quantity
of dopant can reduce the recombination rate of charge carriers thereby enhances the
photocatalytic activity and if the amount of dopant exceeds to certain critical limit
then it may act as recombination centres for charge carriers, which can reduce the
photocatalytic performance of photocatalyst. The dopant act like traps for photo-
generated charge carriers as a result there is a decrease in the recombination rate
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and increase in lifetime of these charge carriers. Therefore, by proper selection of
dopants, the photocatalytic activity can be improved by tuning the charge carrier
recombination rates. The doping and co-doping of the Bi3+ and Fe3+ sites with tran-
sition metal, alkaline earth metal and rare earth metals have been investigated in
order to improve the photocatalytic performances of BiFeO3.

The Gd3+ doping on Bi3+ Site in BiFeO3 shows enhancement for the photocat-
alytic degradation rate of RhB. The Gd3+ doping up to 10% increases the photocat-
alytic activity and further increase ofGd3+ concentration decreases the photocatalytic
activity (Guo et al. 2010). The Dy-doped BiFeO3 nanofibers shows enhanced photo-
catalytic efficiency under visible light compared to the pure phase for the degradation
of methylene blue (Sakar et al. 2015). The Dy-doping modifies the band-gap of pure
BiFeO3 which helps in decrease of recombination rate of charge carriers. The pure
BiFeO3 degrades only 69% of MB dye but on doping with Sc3+, it degrades MB
dye completely within 3 h sunlight irradiation (Sakar et al. 2016). The co-doping
of Nd and Ni for Bi3+ and Fe3+-sites, respectively, into BiFeO3 enhances the photo-
catalytic activity under visible-light by facilitating the charge transfer and decrease
in the recombination rate of charge carriers (Vanga et al. 2015). The co-doping of
La and Mn as well as co-doping of La and Sc into Bi3+ and Fe3+ site of BiFeO3,
respectively, enhances the photocatalytic activity by decreasing the recombination
time due to significantly enhanced surface area with the large reduction of band-gap
(Irfan et al. 2017a). These results clearly suggest that the photocatalytic activity of
BiFeO3 is very sensitive to the doping as well as co-doping.

7.6.1.3 Effect of Oxygen (O2) Vacancies

It has been observed that light absorption capability of BiFeO3 can be improved
by the creation of oxygen vacancies into BiFeO3 structure. The creation of proper
amount of O2 vacancies reduces the band gap by inducing O2 vacancy levels in the
energy gap and also increases the charge mobility and charge separation effectively
(Samadi et al. 2013; Verma et al. 2015; Tan et al. 2014). The oxygen vacancies can
be created in the BiFeO3 nanoparticles synthesized by high pressure hydrogenation
process(Wang et al. 2016b). The amount of O2 vacancies can be controlled by the
hydrogenation temperature and the concentration of O2 vacancies increases with
increase of hydrogenation temperature. The hydrogenated BiFeO3 samples shows
enhanced absorption capability especially in the visible light region compared to
the pristine BiFeO3. The band gap decreases gradually on increasing hydrogena-
tion temperature. The hydrogenated BiFeO3 shows higher photocatalytic activity
in comparison to the pristine BiFeO3 for the degradation of MO under visible light
irradiation. A similar behaviour is observed by 2D laminated cylinder-like nanostruc-
tured BiFeO3 photocatalysts. This degrades RhB efficiently under visible light due
to its cylinder-like shape and large numbers of oxygen vacancies (Gao et al. 2016).
These studies revealed that the photocatalytic activity of BiFeO3 photocatalyst can
greatly improved by creation of oxygen vacancies.



7 Perovskite BiFeO3 Nanostructure Photocatalysts … 157

7.6.1.4 Formation of Heterojunction

In the photocatalytic reaction, heterojunction can be formed by the overlapping of
the band gaps of different semiconducting materials. The photocatalyst with hetero-
junction such as, TiO2/BiFeO3, Fe2O3/BiFeO3, g-C3N4/BiFeO3, and SrTiO3/BiFeO3

shows improved photocatalytic performance using visible light (Wang et al. 2015b;
Liu et al. 2015; Humayun et al. 2016; Luo and Maggard 2006). This is due to
the formation of Schottky barrier at the heterojunction which inhibits the move-
ment of e− – h+ pairs from semiconductor to semiconductor and reduces the charge
carrier recombination rate and thus increases the lifetime of e− –h+ pairs. Therefore,
formation of heterojunction can significantly improve the photoactivity of pristine
BiFeO3.

Pt-BiFeO3 heterostructure photocatalyst shows a superior photocatalytic activity
for the degrading of MO and it degrades MO five times faster than pure BiFeO3 in
visible light. This shows that the formation of heterojunction between the Pt and
BiFeO3 is favourable for production of charge carriers and electronic interaction at
the photocatalyst interface (Niu et al. 2015). The nanocomposites of Ag and Au
with BiFeO3 shows enhanced photocatalytic activity for degradation of RhB under
visible light irradiation (Zhang et al. 2015). These results inferred that the formation
of heterojunction is efficient method for improving the photocatalytic performance
of BiFeO3 nanostructures.

7.6.1.5 Formation Nanocomposites with Carbon Materials

The formation of nanocomposite of BiFeO3 with carbon based materials can also
improve the photocatalytic performances of BiFeO3 because of the formation of the
junctions between these two materials result into the modification of band gap which
hinders the e− –h+ pair recombination process as well as enhances the pollutants
adsorption capacity on the composite thereby leads to the improvement of photoac-
tivity of BiFeO3 (Wang et al. 2015b; Fan et al. 2015; Li et al. 2019, 2013). BiFeO3

shows extraordinary photocatalytic activity toward organic pollutants when coupled
with graphitic carbon nitride (g-C3N4) and graphene (GR) (Wang et al. 2015b; Fan
et al. 2015; Li et al. 2019, 2013). The coupling between BiFeO3 and graphene takes
place through formation of Fe–O–C bonds which facilitates the adsorption of –OH
groups on the graphene surface. In addition to this the improvement in photocatalytic
performances of graphene– BiFeO3 nanocomposites is due to π–π stacking process
on the surface of graphene provided by the large p-conjugation plane of graphene
which facilitates large absorption of organic pollutants.
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7.7 Reusability and Stability of BiFeO3 Photocatalyst

The reusability and stability are the important factors which determines practical
applicability of any photocatalyst. Pure BiFeO3 nanostructure shows magnetic prop-
erties due to this BiFeO3 photocatalyst can be easily collected after photocatalytic
process from the solution. For example, the structure of BiFeO3 microsphere is nearly
same after five cyclic runs and can be removed easily from the solution (Yuning et al.
2010). 3D mesoporous BiFeO3 photocatalyst can be recycled three times without
changing its structure (Papadas et al. 2015). Sm–and Mn–co-doped BiFeO3 photo-
catalysts can be recycled after four cyclic runs (Irfan et al. 2017b). Similarly, Gd
and Sn- co-doped BiFeO3 nanoparticles photocatalyst shows excellent stability in
visible, UV, and NIR regions of lights even after four cyclic runs (Irfan et al. 2017c).
These studies clearly show the reusability and stability of BiFeO3 nanostructure as
an efficient photocatalyst.

7.8 Conclusions and Future Prospects

This chapter summerized the BiFeO3 crytal sturucture, sysntheis, photocatalysts
activity, degradation mechanism, and how to improve the photocatalytic activites.
BiFeO3 has a narrow optical band gap at room temperature ranging from ∼2.2 −
2.8 eV(Lam et al. 2017; Irfan et al. 2019; Gao et al. 2015), extends the absorption
up to visible region and also favours the separation of charge carriers. The ferro-
electric nature of BiFeO3 restrict the charge carrier recombination loss as seen in
conventionally known semiconductors. The band gap of BiFeO3 can be tuned from
2.5 at to 1.5 eV by changing temerpature. It has been also found that the position
of CB, oxidation potential and VB, reduction potential are at about + 0.44 V and
+ 2.60 V respectively. These uniqueness makes BiFeO3 more favourable candidate
for photocatalysis. Therefore, BiFeO3 narrow band gap and suitable band position
meets the basic requirements for visible light photocatalytic process.

Doping and formation of nanocomposite of BiFeO3 with metals and carbon based
materials can also improve the photocatalytic performances of BiFeO3. The forma-
tion of the junctions between these two atoms and materials result into the modi-
fication of band gap which hinders the e− –h+ pair recombination process as well
as enhances the pollutants adsorption capacity on the composite thereby leads to
the improvement of photoactivity of BiFeO3. BiFeO3 shows extraordinary photocat-
alytic activity toward organic pollutants when coupled with graphitic carbon nitride
(g-C3N4), graphene (GR), TiO2/BiFeO3, and Fe2O3/BiFeO3. BiFeO3 has shown
huge potential for contaminenets removel form contaminated wastewater. It has
shown extraordinary results with modification for degradation of organic pollutant
can compete with exisiting commercial catalysist.
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Chapter 8
Photocatalysis for the Removal
of Environmental Contaminants

Sukanya Krishnan, Ansaf V. Karim, and Amritanshu Shriwastav

Abstract The presence of toxic organic pollutants in environmental matrices is a
serious concern to humans and other living organisms. Themajority of these contam-
inants are recalcitrant in nature, because of which conventional treatment tech-
nologies are inefficient in their removal. Photocatalytic oxidation processes which
produce highly reactive oxygen species are capable of complete mineralization of
these organic compounds. The development of highly efficient visible light active
and cost-effective photocatalysts remains the key challenge among the researchers.
Therefore, currently, the researchers are emphasizing more on the development of
various surface modification techniques of catalysts and processes necessary for
improving the photocatalytic efficiency. This chapter gives a comprehensive review
focusing on the basics of photocatalysis, its mechanism, and different surfacemodifi-
cation techniques of catalyst for improving the process efficiency. It also discusses the
photoreduction process for inorganic compounds removal and the factors affecting
the photocatalysis process. Further, the chapter also reviews the various researches
conducted in the field for photocatalytic oxidation of organic compounds.

Keywords Heterogeneous photocatalysis · Visible light activity · Surface
modification · Degradation · Organic Pollutant

8.1 Introduction

The increasing occurrence of organic pollutants in aquatic bodies may pose a serious
risk to the living organisms. Most of these contaminants are originated from human
activities and being released knowingly or unknowingly into the aquatic environ-
ment. The biodegradation of these pollutants are relatively slow and the conven-
tional wastewater treatment methods, such as coagulation-flocculation, adsorption,
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are insufficient in achieving complete mineralization of these pollutants, and only
transfer them from one phase to another without destroying them.

A significant improvement in wastewater treatment was observed in the last few
decades with Advanced Oxidation Processes (AOP) which overcome the potential
limitations of available conventional treatmentmethods. The effectiveness ofAOPs is
proportional to the in-situ generation of unselective and powerful Hydroxyl radicals
(:OH) having a higher oxidation potential. The way of choosing appropriate AOP
depends on the characteristics of the wastewater, environmental regulations, and
cost-effectiveness of the treatment. Among the different AOPs, photolytic oxida-
tion processes are effective for the mineralization of refractory organic compounds.
Photolysis is the process by which a chemical change occurs on a species due to the
absorption of photons (Avisar et al. 2010). The efficiency of the process depends
upon the ability of the pollutant to absorb photons, the intensity of light, pres-
ence of oxidants or catalysts in the solution, pH, etc. Heterogeneous photocatalysis
using semiconductor materials such as TiO2 and ZnO have been widely used by
the researchers due to their superior photocatalytic activity under UV light irradia-
tion. Semiconductors are characterized by a fully occupied valence band and a vacant
conduction band. The degradation of an organic compound by photocatalyst involves
the absorption of a photon of energy greater than the bandgap energy of the catalyst
to form electron–hole pairs (Dong et al. 2015b; Yap et al. 2011). The valence band
holes are also powerful oxidants (Bahnemann 2004).

The key advantage of the photocatalysis process is that it can lead to the complete
mineralization of organic compounds under ambient conditions without involving
anymass transfer (Khataee and Kasiri 2010). Photocatalytic processes canmaximize
the production of reactive oxygen species for the degradation of a variety of aliphatic
or aromatic compounds under suitable conditions (Son et al. 2009). The recombi-
nation of electron–hole pairs and lack of visible light activity due to wide bandgap
are the major limitations of semiconductor photocatalysis. It can be improved by
doping with metal/non-metal ions, dye sensitization, coupling with semiconductors
or hybrid materials, etc. (Pelaesz et al. 2012; Le et al. 2017). Even though the photo-
catalytic degradation process is efficient for the degradation of organic compounds,
the separation of catalyst from aqueous solution after the treatment is a major hurdle.
To overcome these limitations and to improve the photocatalytic performance, solid
substrates can be used to support the photocatalyst. The selection of catalyst depends
upon its ability to resist agglomeration, robustness, availability, and cost. This chapter
provides an overview of the photocatalysis process and degradation mechanisms
of organic compounds. The chapter is more focused on heterogenous photocatal-
ysis based on semiconductor materials. Further, the chapter gives an idea about the
different techniques used for improving the visible light activity of the catalyst and
their photocatalytic application in organic compound removal.
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8.2 Photolytic Oxidation Process

Photo-degradation of pollutants in an aqueous solution occurs by the absorption of
light which introduces sufficient energy to break the bonding by overcoming the
activation energy (Pelaez et al. 2012). In direct photolysis process, the compound
itself absorbs photons resulting in the excitation and undergoes a chemical trans-
formation. When the atoms or molecules absorb enough radiant energy from the
light sources, they reach an excited (or activated) state where several photochemical
processes occur. As a result of excitation, atoms may undergo photodissociation, or
intramolecular rearrangement, or reaction with other molecules. The indirect photol-
ysis process involves the generation of powerful radicals such as hydroxyl or singlet
oxygen due to the absorption of light. The removal of compounds by photochemical
reactions is further featured by criteria such as quantum yield, molar absorption,
and radical reactions. The molar absorption coefficient is the ability of a chemical
species to absorb a given wavelength of light, while quantum yield is the ratio of the
number of molecules participating in each photochemical process upon the number
of photons absorbed (Sanches et al. 2010; Wols and Hofman-Caris 2012). There are
different factors which affect the photolytic oxidation of organic compounds.

8.2.1 Effect of pH

pH is a vital factor which determines the surface charge properties of the catalyst.
The variation in the pH of the solution has an impact on the surface charge of the
catalyst, thereby causing a change in adsorption and reaction rate (Rauf and Ashraf
2009). The degradation of a pollutant occurs in three ways; by the attack of hydroxyl
radicals (•OH), oxidation by holes formed in the valence band, and reduction by the
electron in the conduction band depending upon the pH of the aqueous solution and
nature of the contaminant (Elmolla and Chaudhuri 2010). Therefore, to understand
the pH effect on the photocatalytic degradation, the pH for a photocatalyst at which
the surface charge density becomes zero (point of zero charges (PZC)) must be
found out. If the pH of the solution is less than pHpzc, then the catalyst surface
charge will be positive. Whereas the catalyst surface charge will be negative if the
pH of the solution is more than pHpzc (Bora and Mewada 2017). Therefore, it affects
the pollutant adsorption on the catalyst surface thereby affecting the photocatalytic
treatment efficiency. For example, Chekir et al. (2016) reported that alkaline pH is
favourable for the degradation of methylene blue by TiO2 catalyst (point of zero
charge around pH 6) under UV light irradiation due to the attraction of cationic
methylene blue and negatively charged TiO2 surface.

Besides, the charge variation of the catalyst with pH of the solution is mainly
due to the protonation and deprotonation of the catalyst (eg. TiO2), resulting in the
formation of TiOH2

+ (positive), TiOH (neutral), and TiO− (negative) as shown in
Eqs. 8.1 and 8.2 (Chiou et al. 2008).
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TiOH + H+ → TiOH+
2 (8.1)

TiOH + OH− → TiO− + H2O (8.2)

Therefore, the holes (h+) are the predominant oxidation species at acidic pH,
Whereas the hydroxyl radical (•OH) predominates at alkaline or neutral pH since
the hydroxide ions will get oxidized with holes (Ani et al. 2018). Also, the pH of
aqueous solutions influences the molecular structure of compounds. Studies have
demonstrated that the pH of the solution is related to the molar absorption coefficient
and photolysis quantum yield. The change in pH of the solution can also influence
the electron distribution in the target contaminant molecule, the absorbance of light,
and hence the degradation potential (Avisar et al. 2010). Chiou et al. (2008) reported
that the phenol having a pKa value of 9.95 can be in its non-ionic form under acidic
to neutral pHwhereas exists as phenolates anions at higher alkaline pH. The study by
Nguyen et al. (2018) observed that maximum degradation of Methylene blue occurs
at pH 10 due to enhanced adsorption of cationic MB on negatively charged Pd/TiO2

surface (pHpzc = 6.7). Another study by Nasr et al. (2019) showed maximum degra-
dation of acetaminophen (AP) at acidic pH, because of the electrostatic attraction
between AP (pKa = 9.5) and positively charged TiO2 (pHpzc = 6.3). In another
study, the presence of Cl− inhibited the production of •OH radicals by forming
Fe(III)-chloride complex at acidic pH during the UV/H2O2/Fe(II) process for the
degradation of pharmaceuticals wastewater (Monteagudo et al. 2014). In UV/H2O2

system, the alkaline pH is less preferred due to the formation of hydroperoxide anion
(HO2

−). Since the reaction of •OH with HO2
− is 100 times faster than reaction with

H2O2, it can act as a scavenger for the radical. The stability of H2O2 at alkaline pH
is comparatively less, which results in its self-decomposition and loses its oxidant
characteristics (Deng et al. 2013).

8.2.2 Effect of Catalyst Dose

The catalyst dose is a major factor in photocatalysis treatment since it controls the
formation of electrons-holes and other reactive oxygen species (Bechambi et al.
2015). It is observed that increasing the catalyst loading enhances the generation of
electron–hole pairs and which ultimately leads to the formation of more hydroxyl
and superoxide radicals. Many researchers reported that the initial rates of photo-
degradation of pollutantswere found to be directly proportional to catalyst concentra-
tion.Whereas after a certain limit of catalyst concentration, the rate of photocatalysis
could even decrease (Akpan and Hameed 2009). This is because as the concentration
of catalyst increases above the optimum value the degradation rate decreases due to
the unfavourable light scattering and reduction of light penetration into the solution
(Gaya and Abdullah 2008). For example, Bechambi et al. (2015) studied the effect of
copper doped ZnO catalyst loading towards the degradation of Bisphenol A (BPA)
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by differing the amount of the catalyst from 0.5 to 2 g L−1. The optimum loading
is found to be 1 g L−1 beyond that the degradation of BPA decreases due to the
screening effect and decrease in specific surface area with particle agglomeration.
Similarly, another study by Nguyen et al. (2018) reported a substantial enhancement
in the degradation of methylene blue dye with an increase in the catalyst Pd-TiO2

concentration from 0.5 to 1 g L−1 and then lowering with further increase up to 1.5 g
L−1. Also, the apparent rate constant decreases after the optimum dosage of catalyst
concentration.

8.2.3 Effect of a Light Source

The sources of light for photolysis studies include low pressure (LP) and medium
pressure (MP) mercury lamps, Xenon arc lamp simulating sunlight, and LEDs (Lin
et al. 2016). For the successful removal of pollutants using photolysis, the emission
spectra of the light should overlap with the absorption spectra of the pollutant (Miller
and Olejnik 2001). LP lamps have a higher energy conversion of 30–38% in the UV
range of while the MP lamps have a comparatively lower conversion of 10–20%
(Sichel et al. 2011). Low-pressure (LP) UV lamps (Monochromatic source -254 nm)
are being used as a potential disinfectant of water whereas Medium-pressure (MP)
lamps (polychromatic source 200–400 nm) had shown noticeable potential for degra-
dation of organic pollutants (Pereira et al. 2007). The application of artificial light
sources in photochemical processes has proven to be efficient for pollutant removal.
Use of UV radiations for contaminant removal has the advantages such as no chem-
ical addition, less sludge generation which are odourless, less pH and temperature
dependence, no requirement of any adsorbentmedia, andmostly acceptability among
the public (Shayeghi et al. 2012). However, UV lamps have certain limitations related
to high-power consumption, cost, and lifetime. LEDs can be used as an alternative
light source for photocatalytic applications and can be employed in any kind of
reactor with ease and less cooling arrangement (Jagannath et al. 2009). They are effi-
cient than conventional light sources with less power consumption and have opened
new possibilities for photocatalytic degradation of pollutants (Jo and Tayade 2014).
The basic element of an LED is the semiconductor chip comprising the junction of
an n-type region and a p-type region where current flows when enough voltage is
applied.

The light intensity of the source is an important factor in photocatalytic treatment.
As the intensity of light increases, more and more photons get absorbed and which
leads to an increase in the rate of excitation of the ground-state electron to an excited
state. Therefore, it has been observed that the rate of reaction also increases with the
intensity of light.When the intensity of light increases, a stage is reached at which the
rate of electron–hole recombination becomes greater than the photocatalytic reaction
rate (Nasr et al. 2019). Also, increasing the light intensity causes the formation of
more electron–hole pairs thereby generating more hydroxyl radicals for the direct
oxidation of the pollutant (Giraldo-Aguirre et al. 2015). For example, the study by
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Chowdhury et al. (2012) carried out photocatalytic degradation of phenol with Eosin
Y sensitized TiO2/Pt catalyst under four different light intensities 25, 50, 80 and
100 mW cm−2. It was observed that at higher light intensities, the degradation rate
of phenol followed first order, with a maximum reaction rate at 100 mW cm−2.
Similarly, in another study, the degradation of methyl orange dye by chlorophyll
sensitized Meso titania increased with light intensities of 1.03 × 102, 2.06 × 102

and 4.13× 102 mW/cm2. It was observed that when light intensity increased beyond
4.13 × 102 mW/cm2, there was no significant change in the rate of the reaction.
Therefore at the higher light intensity, the rate is independent of the light intensity
(Joshi et al. 2009).

8.2.4 Effect of Oxidants

The addition of oxidants to photocatalytic reactions can improve the degradation
efficiency by suppressing the electron recombination with holes, and produces more
reactive oxygen species (Velegraki et al. 2015). The presence of oxidants such as
H2O2, peroxymonosulfate (PMS), persulfate (PS), and ozone is also effective in
increasing the efficiency of photochemical processes (Benitez et al. 2013; Ao et al.
2018; Deng et al. 2013; Sabaté et al. 2001). When UV treatment is combined with
oxidants, such as H2O2 and ozone, the probability of final removal of contaminant
increases (Tezcanli-Güyer et al. 2004). As the amount of oxidants increases, radical
production also increases in the oxidation system resulting in higher degradation.
Stronger oxidizing agents such as •OH and SO4

•− are generated due to the photon
absorption as shown in Eqs. 8.3 and 8.4 (Ao and Liu 2017).

H2O2 + hv → 2•OH (8.3)

S2O
2−
8 + hv → SO•−

4 (8.4)

The effectiveness of UV/H2O2 for the removal of pharmaceuticals in a secondary
effluent was studied by Kim et al. (2009) and the removal efficiency was increased
from less than 50% to 90% for 39 pharmaceuticals at a UV dosage of 923 mJ/cm2

and H2O2 dosage of 7.8 mg L−1 indicating that H2O2 addition contributed signif-
icantly for the degradation. Photolysis of pollutants using chlorine as an oxidant
mainly depends upon the functional group of the compound. Hydroxyl radicals
are reactive with most organic compounds, while UV/chlorine is selective reacting
only with phenols, anilines, olefins, and amines (Sichel et al. 2011). Degradation of
antipyrine (AP) in water was compared by Tan et al. (2013) with PS and H2O2 as
oxidants with LPUV lamps and concluded that the presence of oxidants significantly
improved the degradation in the following order UV/ H2O2 > UV/PS > UV. Excess
oxidant concentration can also act as scavengers for hydroxyl or sulphate radicals
resulting in the inhibition of the degradation (Deng et al. 2013). A scavenging effect



8 Photocatalysis for the Removal of Environmental Contaminants 169

of H2O2 was observed beyond a concentration of 2 mM during the photolytic degra-
dation of oxytetracycline (Liu et al. 2016c). If chloride ions are present in a system
containing Fe2+/UV/H2O2, the photocatalytic step that converts Fe3+ back to Fe2+

will be inhibited due to the scavenging effect of chloride ions (Monteagudo et al.
2014).

8.2.5 Effect of Radical Scavengers and Inorganic Ions

The presence of ions in aqueous solution can influence the photo-degradation in
two ways; either accelerating the degradation by increasing the radical production
or inhibiting the process due to competition among ions for solar radiation. Their
presence can also inhibit the performance of the catalyst by causing fouling (Chong
et al. 2010). The presence of alkalinity and organic matter have higher reactivity
towards Reactive Oxygen species (ROS), which can inhibit the removal efficiency of
pollutants. At lower concentrations, carbonate and bicarbonate ions react with •OH
and produce reactive carbonate radicals (CO3

•−), which are selective and react by
electron or hydrogen transfer (Aleboyeh et al. 2012). The absorptivity of photons by
carbonates and bicarbonates were at lower rates and generation of CO3

•− slightly
promoted the destruction of compounds (Duan et al. 2017). Higher organic matter
content and dissolved organic materials decreased the rate constant due to the scav-
enging of the monochromatic light in the case of degradation of PAH due to their
hydrophobic nature (Sanches et al. 2011). The presence of metal cations such as
Mg2+ and Ca2+ hardly affected the removal of oxytetracycline in UV/H2O2, while
Fe2+ and Cu2+ slightly enhanced the removal rate by participating in Fenton’s like
reaction (Liu et al. 2016c).

8.3 Photoreduction Processes

Photocatalytic reduction of inorganic compounds and harmful metals depends upon
the redox potential of the compound relative to the conduction band of the photocat-
alyst (Djellabi and Ghorab 2015). The basis of photocatalytic reduction depends on
the selection of the photocatalyst, surface properties of the catalyst, and the photo-
generated electrons (Nu Hoai Nguyen et al. 2005; Wang et al. 2008). TiO2 is most
commonly used for the photocatalytic reduction process. Photocatalytic reduction
of nitrates to molecular nitrogen using TiO2 had been extensively studied in the
presence of different hole scavengers. The process depends on many variables such
as pH, the surface area of the catalyst, and the recombination rate (Doudrick et al.
2012). The presence of metals on TiO2 particles can extend the role as an electron
collector and decrease the recombination rate (Anderson 2011). An electron donor
as a hole scavenger is usually required for the reduction of metals by photogenerated
electrons (Djellabi and Ghorab 2015). Sowmya and Meenakshi (2015) studied the
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photocatalytic reduction of nitrate using Ag-TiO2 with oxalic acid as the hole scav-
enger. They obtained 90% denitrification with 100% nitrogen selectivity at 0.012 N
oxalic acid dose at an initial pH of 2.3. In another study, C-TiO2 was used for the
photocatalytic denitrification from seawater with formic acid as hole scavenger and
the maximum nitrate removal was observed at an initial pH of 3, catalyst dose of
0.5gL−1 and 0.04 M formic acid (Shaban et al. 2016). The hole scavenger acted as
the electron donor and inhibited the charge recombination.

Photoreduction of several metal ions such as Cr6+, Cu2+, Hg2+, Pb2+, U6+, etc. in
presence of different photocatalyst has been investigated by many research groups
(Sun et al. 2005; Canterino et al. 2008; Li et al. 2013b; Feng et al. 2018). Cr6+

reduction using C doped TiO2 was also studied by Shaban (2013) under sunlight
irradiation andobserved that 3 ppmofCr6+ was removed in 10min at a catalyst dosage
of 2 g L−1 and pH 5. In another study, Bi2O3- ZrO2 nanocomposite synthesized by
Vignesh et al. (2013) was found more effective in the reduction of Cr6+ compared
to Bi2O3, ZrO2, TiO2 and ZnO under visible light irradiation. Under irradiation, the
electrons produced in the VB of Bi2O3 were transferred to the CB of ZrO2, whereas
the holes in the catalyst moved in the opposite direction and avoided the electron–
hole pair recombination. The catalyst was highly stable during the photoreduction
process andwas effectively reused for four successive cycles. Simultaneous oxidation
of organic compounds together with reduction processes can enhance the reduction
capacity of the catalyst by acting as an electron donor (Chakrabarti et al. 2009).
Simultaneous oxidation and reduction of Acid Orange 8 dye and Cr6+ was conducted
usingAu loaded TiO2 particles using visible light treatment within the sight of formic
acid (Dozzi et al. 2012). Improvement in photocatalytic reductionwas observed in the
presence of Au-TiO2 which helped in oxidizing formic acid and it helped in doubling
the reduction process when compared to P25 TiO2. In another study, dye-sensitized
TiO2 film was used for the reduction of Cr6+ under visible light irradiation (Wu et al.
2013). The maximum removal efficiency was observed in acidic conditions and the
presence of oxygen in the system enhanced the reduction process by acting as an
electron scavenger.

In a study conducted byMurruni et al. (2008), Pb2+ was removed byN doped TiO2

in presence of different electron donors such as formic acid, 2- propanol, methanol,
ethanol, and citric acid. Among the different electron donors, formic acid at their
lower concentrations was found to be best suited for the reduction production with
less production of toxic products in the system. However, when the electron donor
in the system got completely exhausted, the redissolution of Pb was observed. Apart
from this study, TiO2 embedded on PVA–alginate beads were effectively used for
the removal of Pb2+ from an aqueous solution (Idris et al. 2016). They have observed
a maximum removal of 99.1% of Pb2+ within 150 min of reaction at pH 7. Apart
from these studies, U6+ reduction using a heterostructure of anatase–rutile TiO2

particles was studied by Li et al. (2019) and the effect of crystal type on the reduction
efficiency was investigated. They have observed that rutile was more efficient for the
process and the maximum reduction of U6+ was observed for a mixture containing
70% rutile and 30% anatase phase. The physical interaction between the anatase
and rutile phases prolonged the lifetime of charge carriers and led to more transfer



8 Photocatalysis for the Removal of Environmental Contaminants 171

of more electrons from anatase to rutile phase facilitating the reduction process.
The use of visible light active catalysts for the reduction of metal ions can have
become an imperative task. Recently, magnetic ZnFe2O4, a transition metal spinal
ferrite with higher photostability and visible light activity was effectively used for
the photoreduction of U6+ (Liang et al. 2020). The rod-shaped catalyst effectively
reduced 98% of U6+ in 60 min at a catalyst dosage of 0.2 g L−1 when compared to
microspheres or nanoparticle catalyst. The faster excitation of the catalyst to excite
electrons under irradiation and the methanol to quenching the photogenerated holes
helped in the effective reduction of U6+.

8.4 Homogenous Photocatalysis

Thehomogenous photo-Fentons process is largely studied for the treatment of organic
compounds. In most of the photo-Fenton pollution abatement studies, iron is used
as the metal ion giving rise to Fe2+ ions by the photoreduction of Fe3+. In aqueous
medium, low-molecular-weight Fe(III)- hydroxyl complex shows a photocatalytic
reduction in the presence of UV radiations. Consequently, the reduced form reox-
idizes to Fe(III) in the presence of oxidizing agents and completes a basic redox
cycle of Fe(III)/Fe(II). The photons help in the regeneration of Fe(II) by the reduc-
tion of Fe(III) ions and overcome the limitation of conventional Fentons process by
continuously producing radicals. The major limitations of photo-Fenton processes
are the pH dependence, stability of the catalyst and the separation of the catalyst
after experiments. Its efficiency can be improved by extending the solubility of iron
species to higher pH values as they form strong complexes with carboxylates rather
than forming with water and remain active in the aqueous solution over a wide range
of pH to produce oxidative species after photochemical reaction (Soares et al. 2015;
Pereira et al. 2014). It increases the productionofmoreFe2+ species in the solution and
extending the solar absorption spectrumup to 580 nm (Soares et al. 2015;Huang et al.
2012). Poly-carboxylate groups like citrate, malonate, and oxalate, having more than
one carboxylic group, are commonlyusedorganic ligands (Gulshan et al. 2010). In the
presence of sunlight, these poly-carboxylate coordination compounds form oxida-
tive species such as •OH, O2

•, and HO•
2, in atmospheric water and surface water

by Ligand Metal Charge Transfer (LMCT) process (Seraghni et al. 2012). These
complexes should absorb light in the UV–Visible region and allow the reduction of
ligand by metals for making the system reactive which helps in degrading organic
pollutants (Clarizia et al. 2017). These photo-Fenton process using Metal–organic
complexes are more beneficial due to the following reasons (a) higher degradation
rate, (b) sunlight can be used as the source of photons, (c) effective at circumneutral
pH, and (d) use of easily available and cheaper reagents (Kassinos et al. 2009). The
efficiency of these reactions depends on pH, initial Fe to poly-carboxylate ratio, and
ligandused.Excess amount of carboxylate can also compete for hydroxyl radicals and
thus decrease the reaction rate (Souza et al. 2014). Among the different complexes,
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Fig. 8.1 Basic mechanism
of Fe(III)- citrate complex.
Reprinted with permission
from Ou et al. (2008)

Fe(III)-citrate complexes hold high stability and photoreactivity, and they are theo-
retically stable at neutral pH (Chen et al. 2011; Sharma et al. 2019). Fe(III)-citrate
complex was used for the photodegradation of atrazine under Xe lamp irradiation
(Ou et al. 2008). Under irradiation, through LCMT process, the reactive radicals are
formed as Fe(III)- citrate complex absorbs light and followed by the reduction to
Fe(II) as shown in Fig. 8.1. The radical generation with Fe (III)- citrate complexes
are dependent on the pH of the solution (Chen et al. 2011). In a study conducted
by Guo et al. (2011), the maximum photodegradation of methyl orange using this
complex was observed at pH 6. They reported that at this particular pH, Fe(III)
and citrate coexisted together and the maximum transformation of Fe(III) to Fe(II)
took place under sunlight irradiation. Souza et al. (2014) evaluated the photo-Fenton
degradation of diclofenac using a ferric-oxalate complex, and complete degradation
was observed at pH 6 and Fe-oxalate molar ratio of 1:9 in 90 min of treatment.
A study conducted by Feng et al. (2012) examined the •OH radical generation in
comparison with the pH of the solution and Fe(III)-to-citrate ratio. They observed
that if sufficient amount of Fe(III)-Citrate are available in the system near-neutral
pH, Fe(II) can exist in the form of Fe(II)-carboxylate species surpassing hydroxide
ions and the •OH generation can be continued to near neutral pH (Feng et al. 2012).

8.5 Heterogeneous Photocatalysis

Heterogeneous photocatalysis has been widely investigated by the researchers for
the degradation of organic contaminants (Ani et al. 2018). It is based on using mate-
rials having a wide bandgap, usually semiconductors, which generate holes and
electrons when illuminated with photons. When the semiconductor catalyst under-
goes UV light photolysis, a surface reaction occurs which moves the electrons from
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the valence band to the conduction band creating the positive holes in the valence
band. Among the different semiconductor materials, TiO2 and ZnO have received
extensive consideration due to their photocatalytic performance under UV light irra-
diation. TiO2 has emerged as a promising photocatalyst material for the degradation
of organic pollutants because of its chemical stability, cost-effectiveness, unique
photocatalytic efficiency and low toxicity (Sanches et al. 2010; Pelaez et al. 2012;
Yap et al. 2010; Gao et al. 2011; Eren 2012). For catalytically activating TiO2,
it requires radiation of less than 380 nm to induce photoexcitation since it has a
bandgap of ~ 3.2 eV (Wong and Chu 2003). Anatase (3.2 eV) and rutile (3 eV)
are the main polymorphs of TiO2 (Pelaez et al. 2012). A combination of anatase and
rutile phases of TiO2 were reported to havemore photocatalytic activity due to higher
photostability and enhanced charge separation than the pure anatase form (Li et al.
2006; Ohtani 2010). The heterogeneous photocatalysis has the advantages such as
complete mineralization of pollutants with less sludge production at a rapid rate and
efficiency in removing recalcitrant pollutants whereas the formation of undesirable
intermediates, pH dependence and limited to laboratory scale operation are the major
disadvantages.

The basic mechanism of the heterogeneous photocatalytic system is as shown in
Fig. 8.2 (Bora and Mewada 2017). The process is initiated with the bombardment
of photons to a semiconductor surface with energy equal or higher than the bandgap
energy of the catalyst. When a photon of energy more than or equal to the bandgap
energy of semiconductor falls on the surface of the semiconductor, the electron (e−)
in the valence band goes to the excited state that is in the conduction band. This
creates a hole (h+) in the valence band. The next step is the photo-reduction reaction
of excited electrons (e−) with an oxygen molecule (O2) to form superoxide radicals
(•O2), or hydro-peroxide radicals (HO2

•). These oxygen species are highly reactive

Fig. 8.2 Basic mechanism of heterogeneous photocatalysis. Reprinted with permission from Bora
and Mewada (2017)
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and trigger the complete degradation reaction of recalcitrant pollutants into H2O and
CO2. The generated electrons reduce the pollutant. Photo-oxidation of H2O with
the hole (h+) generates hydroxyl radicals (•OH) and hydrogen ions (H+). Also, the
generated holes oxidize the pollutant. Therefore, the generated hydroxyl radicals and
peroxide radicals are responsible for the photodecomposition of organic pollutants
(Akpan and Hameed 2009). •OH radicals, having a standard redox potential of +
2.8 V, oxidizes the pollutant to the mineral end-products (Bora and Mewada 2017).

In TiO2 photocatalytic reaction, hydroxyl radical is generated near the catalyst
surface due to the direct oxidation by the photogenerated holes as shown in Eqs. 8.5
and 8.6 (Moctezuma et al. 2012).

TiO2 + hv → TiO2(e
− + h+) (8.5)

TiO2
(
h+) + H2O → TiO2 + •OH + H+ (8.6)

When the catalyst particles in the reaction medium increase beyond the optimum
amount, scattering, and screening phenomena commences resulting in non-uniform
light distribution (Velegraki et al. 2015). The presence of TiO2 or other catalysts in
the aqueous solution beyond the optimum dose results in decreasing the degradation
rate due to the decrease in light penetration, more light scattering, sedimentation
of catalyst, and agglomeration (Elmolla and Chaudhuri 2010). The photocatalytic
degradation of malachite green dye using TiO2 particles with UV-LED irradiation
was primarily through the hydroxyl and superoxide radicals produced by electron–
hole pair formation in the catalyst surface (Natarajan et al. 2011). Supporting TiO2

particles on activated carbon can improve the photocatalytic efficiency by reducing
the electron–hole recombination rate, improving the interfacial charge transfer and
promoting the pollutant transfer process by acting as a co-adsorbent (Li et al. 2006;
Gao et al. 2011; Ouzzine et al. 2014). The higher specific surface area, reduced
bandgap, and better structural features of TiO2-AC composite, synthesized by the
sol–gel process, resulted in complete degradation of tetracycline at an optimum cata-
lyst loading of 1 g L−1 under 75 min of UV irradiation (Martins et al. 2017). TiO2

supported on chitosan scaffolds prepared by 3D printing was used for the photocat-
alytic degradation of amoxicillin and resulted in 80% degradation after 180 min of
UV irradiation. The enhanced degradation of residues from wastewaters was due to
the high area/volume ratio of the substrate which offered more adsorption on to the
photocatalyst surface (Bergamonti et al. 2019). TiO2 immobilized on a clay mineral,
montmorillonite (TiO2-MMT) synthesized by a hydrothermal method was success-
fully used for the photocatalytic degradation of ciprofloxacin under UV irradiation
(Hassani et al. 2015). The degradation efficiency increased with catalyst dosage up
to 0.1 g L−1 at the natural pH of 5 and was effectively reused for 5 repetitive cycles
with 55.1% degradation.

Photocatalysis based on the ZnO catalyst has engrossed wide attention because
of its high electron mobility at room temperature, high interfacial charge-transfer
efficiency, and similarity with the TiO2 bandgap (Pawar and Lee 2014; Ahmad et al.
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2013; Dong et al. 2014). The greatest advantage of ZnO as photocatalyst as compared
to TiO2 is that it is cheaper, effective in acidic as well as basic medium, and it
can absorb more light in the UV region than TiO2 (Boussatha et al. 2018). The
photocatalytic degradation of a mixture of azo dyes using ZnO under irradiation
was more favourable at acidic pH conditions with the O2

•− radicals produced by the
reduction of adsorbed O2 predominant reactive species during the degradation (Chen
et al. 2017). The enhanced photocatalytic degradation of methylene blue observed
using ZnO/ montmorillonite photocatalyst was because of the improved surface area
and reduced bandgap of the catalyst (Fatimah et al. 2011). Even though the catalyst
has high oxidizing power for organic pollutant removal, the frequently occurring
photo corrosion is a major concern (Hariharan 2006).

Apart from the conventionally used heterogeneous photocatalyst, several semi-
conductor catalysts such as WO3, CdS, CdO, GaP, SnO2, etc. with varying bandgap
were utilized for the photocatalytic degradation of organic compounds and are shown
in Table 8.1. Cadmium Sulphide (CdS) is one of the most potential visible light
active catalysts with a narrow bandgap of ~ 2.4 eV which are extensively used
for the photodegradation of organic compounds (Wang et al. 2012b). CdS micro-
spheres synthesized by the hydrothermal process were used by Repo et al. (2013)
for the degradation of a mixture of dye under UV and blue LED irradiation. Nearly
complete degradation of dyes was observed after 3 h of irradiation which was due
to the efficient adsorption of dyes on the catalyst surface. Further, the catalyst did
not lose its photocatalytic efficiency for five reuse cycles. However, CdS particles
are prone to photo corrosion leading to the leaching of Cd into the solution, and
rapid recombination rate limits its photocatalytic activity. An ideal way to resolve
this issue is to support the CdS catalyst on suitable support material or combining it
with another semiconductor to form hybrid composites (Cui et al. 2014).

Bismuth containing materials have been broadly studied as visible light photocat-
alyst attributable to its unique layered structure and electronic properties facilitating
effective separation of electron–hole pairs (Alansi et al. 2018; Sun et al. 2013). In a
study conducted by Yan et al. (2013), BiVO4 photocatalysts synthesized by a chem-
ical method was used for the photocatalytic degradation of thiobencarb using visible
light irradiation (Lai et al. 2014). They observed 97%degradation of the compound in
5 h of irradiation, and the catalyst remained stable and showed no substantial loss in
the catalytic performance after three successive runs. In another study, the enhanced
visible-light activity of BiVO4 nanocrystal during the degradation of ciprofloxacin
was due to the Pt loading which acted as charge collectors and separators on its
surface (Yan et al. 2013). Furthermore, Ag-based visible light photocatalyst such as
Ag3PO4, Ag2CO3, Ag3VO4, etc. has attracted significant attention for the degrada-
tion of organic pollutants due to its narrow bandgap and great potential in harvesting
solar energy (Liu et al. 2016b;Wang et al. 2014). The higher specific surface area and
reduced bandgap of 2.4 eV of Ag3PO4 synthesized by precipitation method resulted
in the complete removal of ethylparaben under simulated solar radiation (Frontistis
et al. 2017).
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Table 8.1 Photocatalytic degradation studies using semiconductor catalyst

Catalyst Pollutant Synthesis
method

Bandgap
(eV)

Light
source

Results References

ZnS Rhodamine
B

One-pot
hydrothermal

3.7 300 W Hg
lamp

96.6%
degradation in
120 min

Dong et al.
(2013)

CeO2 Xylene
Milling
Yellow 6 G

Sol–gel 2.52 125 W Hg
lamp

Complete
degradation of
dye in 30 min
at a catalyst
dose of 1
gL−1

Tambat et al.
(2016)

V2O5 Phenol and
its
derivatives

Chemical
precipitation

2.295 Sunlight Surface
defects on the
catalyst acted
electron–hole
centres and
enhanced the
degradation

Aslam et al.
(2015)

BiVO4 Ibuprofen Hydrothermal 2.4 Simulated
solar light

Degradation
followed the
first-order
kinetics with
maximum
degradation at
pH 4.5 and
catalyst dose
5 gL−1

Li et al.
(2016)

CuO Methylene
blue
Methylene
violet

Hydrothermal 2.67 UV light 89% and 96%
degradation of
methylene
blue and
methylene
violet
respectively
after 180 min
of UV
irradiation

Sonia et al.
(2015)

CdO Congo Red
Malachite
Green
Crystal
Violet

Hydrothermal 1.9 500 W Hg
lamp

Complete
degradation of
all the dyes
was observed
and the
catalyst was
stable for 3
reuse cycles

Tadjarodi
et al. (2014)



8 Photocatalysis for the Removal of Environmental Contaminants 177

8.6 Visible Light Photocatalysis

The necessity for high-energy ultraviolet (UV) radiation for the activation of TiO2

has restricted both the practicality and ecofriendly benefits of most organic photo-
chemical processes (Yoon et al. 2010). Anymethod which can decrease the electron–
hole pair recombination and reduces the bandgap of the catalyst will substantially
increase the photocatalytic performance. One of the primary motivations driving the
advancement of progressively effective, practical, and synthetically useful visible
light-mediated photocatalytic processes is to efficiently harness the energy of solar
radiation for more environmentally responsible chemical processes. Different strate-
gies such as non-metal and/or metal doping, dye sensitization, and coupling semi-
conductors were developed to modify photocatalyst particles for extending their
absorption range into the visible-light region.

8.6.1 Doping

Photocatalysts should be modified to absorb visible light which is the major portion
of the solar spectrum. Doping is the process of incorporation of atoms or ions into
the crystal lattice of a photocatalyst to modify its photo responsiveness under visible
light irradiation by creating structural imperfections (Ohtani 2010; Ahmed et al.
2011; Dong et al. 2015b; Yap et al. 2011). The effect of doping on a photocatalytic
material is dependent on various factors such as the type of dopant, its concentration,
doping process, and other properties of the catalyst (Dong et al. 2015b). The optimum
dosage of dopant varies from catalyst to catalyst. The excess amount can inhibit the
photocatalytic activity by reducing the surface area and delaying the adsorption of
pollutants on to its surface (Akpan and Hameed 2009). During the doping of TiO2

particles using anions, the oxygen atoms in the TiO2 get replaced by other elements,
introducing a mid bandgap level that supports the visible light absorption (Abdullah
et al. 2016; Lin et al. 2016). Among the different anionic species, dopingwith carbon,
nitrogen, and sulphur has the potential to form mid bandgap level (impurity level)
closer to the valence band of the photocatalyst for better photocatalytic activity as
shown in Fig. 8.3 (Ananpattarachai et al. 2009). Asahi et al. (2001) reported that if
anionic species are used as doping materials then the bandgap can cover adequately
with the band states and enable easy transfer of excited carriers to the surface of the
catalyst. It is also reported that doping of TiO2 particles with anions will be more
effective as they can take the place of oxygen in the lattice (Ohno et al. 2003).

Cong et al. (2007) conducted the N doping of a homogenous anatase TiO2 using
different N sources. Among the dopants, triethylamine as N source resulted in
enhanced photocatalytic activity and better degradation of 2,4-dichlorophenol. The
XPS and Raman spectroscopy results confirmed that Nwas present in the structure as
Ti–O-N and O-Ti-N, and shifted the absorption of the catalyst to the visible region.
Ananpattarachai et al. (2009) reported that, among the three N dopants, doping
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Fig. 8.3 Formation of midgap level after N doping in TiO2

with diethanolamine resulted in enhanced visible light activity for 2-chlorophenol
degradation. XPS results confirmed that nitrogen was incorporated in the TiO2 struc-
ture interstitially and resulted in the smallest crystallite size and bandgap energy
which helped in enhanced degradation. In another study, the degradation of 4-
chlorophenoxyacetic acid by N-TiO2 was studied under Visible LED as the light
source (Abdelhaleem and Chu 2017). They observed a complete degradation of the
pollutantwith 73%mineralization and the catalystwas found effective for five succes-
sive reuse studies. Carbon is considered as one of the anionic non-metal dopants with
higher stability. C doped TiO2 particles synthesized by the sol–gel method enhanced
the photocatalytic degradation of ethylene by retarding the anatase to rutile transfor-
mation by forming Ti–O-C structure using a visible light source. They observed that
C atoms were incorporated in the interstitial spaces of TiO2 lattice and it improved
the crystallinity of the catalyst and hence the activity (Lin et al. 2013). The C doped
ZnO nanoparticles synthesized by Bechambi et al. (2015) displayed exceptional
photocatalytic activity for four reuse cycles during the degradation of BPA under
UV irradiation in the presence of H2O2. The higher stability of the catalyst under the
optimized conditions resulted in 60% mineralization of BPA after four reuse cycles.

Chen et al. (2007a) compared the photocatalytic degradation efficiency of C-
TiO2, N-TiO2, and C-N-TiO2 for the degradation of methylene blue. They found
that C and N atoms suppressed the crystal growth of TiO2 and exhibited higher
activity by producing more reactive radicals in the aqueous solution. An N-doped
TiO2/SiO2/Fe3O4 magnetic catalyst synthesized by the sol–gel method maintained
its photocatalytic efficiency during the degradation of paraquat for eight reuse cycles
with a negligible loss of 7.9% degradation efficiency owing to the reduced bandgap
and enhanced specific surface area of the catalyst with doping (Pourzad et al.
2019). Ce/N co-doped TiO2/NiFe2O4/Diatomite ternary composite exhibited excel-
lent adsorption, visible light activity, and easy separability because of the synergistic
effect of ferromagnetic properties of NiFe2O4 and competent adsorptive proper-
ties of diatomite (Chen and Liu 2017). The co-doping with Ce and N resulted in
forming an intra-band structure which reduced the bandgap of the hybrid catalyst
and enhanced the charge transfer with visible light all through the degradation of
tetracycline. The enhanced photocatalytic degradation of naphthalene observed with
La, N co-doped TiO2 particles under visible light was due to the synergistic effect
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of the reduced bandgap, increased adsorption of pollutant to the volume pores and
decreased recombination of photogenerated charge carriers (Liu et al. 2016a).

Metals and transition metal ions can also improve the surface properties of the
catalyst for visible light absorption (Salimi et al. 2019). The bandgap of catalysts can
be tailored for visible light absorption by reducing its bandgap using metals such as
Co, Ni, W, V, Bi, etc. (Caglar Yılmaz et al. 2019; Salimi et al. 2019; Qin et al. 2012).
Accordingly, by doping with a metal element, an impurity level is acquainted with
the centre of the forbidden band of the semiconductor to enable visible light activity
(Guo et al. 2020). In a study conducted by Gao et al. (2010), the transition metal Zr
was doped onto TiO2 by the sol–gel process and the efficiency of the catalyst was
evaluated for the degradation of BPA under UV irradiation. Enhanced photocatalytic
activity resulting in 90%TOC reductionwas observed after 2 hwhichmaybe credited
to the alteration in the conduction band edge towards higher potential and producing
more reactive radicals. Ni-doped TiO2 particles synthesized by microwave-assisted
sol–gel process for the degradation of bisphenol A (BPA) resulted in complete degra-
dation and77%mineralization of the compound in 210min (Blance-Vega et al. 2017).
The incorporation of Ni into the crystal lattice inhibited the phase transformations
and shifted the bandgap to the visible light region and resulted in improving the
degradation of BPA. In another study, Ce metal was incorporated into the crystal
lattice of ZnO by the co-precipitation method and effectively enhanced the degrada-
tion of BPA under sunlight irradiation. The metal dopant created an impurity level
below the conduction band of ZnO and enhanced the electron mobility resulting
incomplete degradation of BPA (Kamaraj et al. 2014).

Metal doping of BiVO4 can also promote the electron–hole recombination and
improve the capacity of the catalyst to absorb visible light. Pd doped BiVO4 synthe-
sized by hydrothermal and followed by the impregnation strategy improved the
degradation of methyl orange using the visible light treatment. The Pd particles
were dispersed on the surface of the catalyst and acted as recombination centres
and enhanced charge separation (Ge 2008). Zhang et al. (2005) reported that Ag-
TiO2 supported on activated carbon exhibited higher photocatalytic activity when
compared to TiO2 owing to the enhanced charge separation and hence producing
more hydroxyl radicals with the reaction of surface adsorbed OH− with photogen-
erated holes. The tungsten doped TiO2 supported on activated carbon with a narrow
bandgap and higher surface area resulted in 97.3% decolourization of rhodamine
B under visible light. The amount of dopant and catalyst dosage showed a strong
relation to the degradation efficiency, with 0.6% W ion and 8 g L−1 as the optimum
conditions for maximum decolourization (Qin et al. 2012). More than 90% degrada-
tion ofAmoxicillinwas observed under visible light degradationwithCo-dopedTiO2

particles synthesized by the reflux route (Caglar Yılmaz et al. 2019). The synthe-
sized catalyst possessed a higher surface area and enhanced the production of more
electron–hole pairs due to reduced bandgap. Among the different dopants, non-metal
ions are more stable when compared to metal and transition metal ions. Even though
these metals reduce the bandgap and act as charge trapping centres to electron–hole
recombination, their stability is a major concern (Lin et al. 2013; Ahmed et al. 2011;
Yap et al. 2011).
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8.6.2 Dye-Sensitization

Dye sensitization is another surface modification technique by which the dyes are
chemisorbed or physisorbed on the surface of the semiconductor to increase the effi-
ciency of the excitation processes and extend the wavelength to visible range (Dong
et al. 2015a). The dyes having high redox property and visible light sensitivity can
be utilized as a part of photocatalytic reactions. Under illumination by visible light,
the excited dyes can inject electrons to the conduction band of semiconductors to
start the catalytic reactions (Ni et al. 2007). The requirements of a good photosensi-
tizer include an extended range of absorption spectrum, strong adsorption onto the
semiconductor surface, high quantum yield, and excited states with a long lifetime,
and similar band structure to decline energy loss during the electron transfer process
(Narayan 2012; Saien andMesgari 2016). The basicmechanism of the dye-sensitized
photocatalytic system under visible light irradiation is shown in Fig. 8.4. In the case
of visible light irradiation of the dye-sensitized catalytic system, the first step is the
excitation of sensitizer which is adsorbed on TiO2 to the singlet state with gener-
ating an electron. The produced electrons are then injected into the conduction band
(CB) of TiO2 while the valance band remains intact. The transferred electrons react
with the adsorbed oxygen molecules on the surface of the TiO2 catalyst resulting in
the formation of superoxide which is a precursor for the degradation of pollutants
(Youssef et al. 2018).

Several studies are there inwhich synthetic dyes such as eosin-Y (Chowdhury et al.
2012), thionine (Chatterjee andMahata 2001), Nile blue-A, safranine-O, rhodamine-
B and methylene blue (Chatterjee et al. 2006), porphyrin (Wei et al. 2017; Chen
et al. 2008; Niu et al. 2013) ruthenium complexes (Nazeeruddin et al. 2005), etc.
are being used as a sensitizer in semiconductors for photodegradation of various
dyes. Chowdhury et al. (2012) developed eosin-Y dye-sensitized visible light active
TiO2 photocatalyst for the photodegradation of phenol. It was observed that eosin-Y
dye-sensitized TiO2 with Pt gave 93% phenol degradation within 90 min. Chatterjee

Fig. 8.4 Basic mechanism of the dye-sensitized photocatalytic system under visible light
irradiation. Reprinted with permission from Youssef et al. (2018)
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and Mahata (2001) developed thionine and eosin Y dye-sensitized TiO2 for the
degradation of organic pollutants such as phenol, chlorophenol, 1,2-dichloroethane,
and trichloroethylene in water. It was found that 55–72% degradation of pollutants
was achieved after 5 h of irradiation with a 50 W tungsten lamp. Another important
work on synthetic dye-sensitization was done by Chatterjee et al. (2006). They have
used Thionine, Nile blue-A, safranine-O, rhodamine-B, methylene blue, eosin dyes
for the modification of TiO2 semiconductor photocatalyst for the degradation of
various halocarbons under visible light irradiation. They reported 55–72% pollutants
removal within 5 h of irradiation with a 150 W Xenon lamp.

Recent studies are focusing on metal porphyrin, a compound containing a macro-
cyclic aromatic conjugation system. Itwas found that the centralmetal atom improves
the regularity of the porphyrin molecule and it also has a stronger absorption band
in the visible light (Wei et al. 2017). Chen et al. (2008) have used Zn porphyrin dye
for utilizing visible light more efficiently in the photocatalytic reaction of N-doped
TiO2. It was observed that Zn porphyrin is adsorbed on the surface of TiO2 through
an O = C–O–Ti linkage. They inferred that the coupling of nitrogen doping with
dye sensitization is a good method to strikingly enhance the visible-light absorption
and photocatalytic action of TiO2. Wei et al. (2017) developed the Fe(III) porphyrin
sensitized TiO2 nanotubes prepared through improved hydrothermal and heating
reflux process for the photodegradation of methylene blue under visible light. It was
observed that Fe(III) porphyrin played an important role in absorbing photons and
expanding the absorption wavelength to the visible light region, increasing the sepa-
ration of the electron–hole pairs, and thus accelerating the decomposition of organic
pollutants.

The major problem with organic dyes includes their complex synthetic routes,
environmental toxicity, and low yield. Whereas natural dyes such as anthocyanin,
chlorophylls, etc. are found in flowers, leaves, and fruits of plants and can be extracted
by simple methods and are cost-effective, non-toxic, and provide complete degra-
dation. Kathiravan et al. (2009) have reported the use of cyanobacterial chlorophyll
extracted from cyanobacteria namely Spirulina sp. as a sensitizer for colloidal TiO2

and observed that the adsorption of chlorophyll on the surface of colloidal TiO2, is
through electrostatic interaction. Phongamwong et al. (2017) have developed chloro-
phyll andMg co-modified P25 nanohybrid catalysts for the degradation of rhodamine
B under visible light. It was observed that loading free Mg together with chlorophyll
prompted the development of another intricate structure, bringing about a synergistic
impact between chlorophyll-Mg and P25. Also, another study by Phongamwong
et al. (2015) developed N-doped TiO2 catalysts loaded with chlorophyll in Spir-
ulina (Sp/N–TiO2) in an attempt to enhance photocatalytic CO2 reduction. It was
observed that activities of catalysts Sp/N–TiO2 is much more than pure TiO2 and N
doped TiO2. Anthocyanins extracted from natural Caribbean species S. cumini were
employed to sensitize TiO2 for the photo-degradation ofmethylene blue dye byDíaz-
Uribe et al. (2018). They have reported that the sensitization procedure enhanced the
photocatalytic activity of the TiO2 in the visible range. It was also observed that
the photocatalytic activity of TiO2/S. cumini was around 3 times more predominant
than unmodified TiO2. Therefore, natural dyes as sensitizers for photodegradation



182 S. Krishnan et al.

of pollutants are promising alternatives to synthetic organic dyes. They offer envi-
ronmental friendliness, low-cost production, simple preparation technique, and wide
availability as compared with other synthetic dyes.

8.6.3 Surface Adsorbates

Recently, researchers are more focusing on the development of surface modifica-
tion of TiO2 with conducting polymers for achieving visible light photocatalysis
(Eskizeybek et al. 2012; Online et al. 2017; Sboui et al. 2017). Among the different
polymers, polyaniline (PANI) homopolymer is having more attention among the
researchers due to its ability to act as surface capping agents or stabilizers. Its prop-
erties include high conductivity due to the presence of -NH groups, easy to synthe-
size, good stability, and high light absorption (Eskizeybek et al. 2012; Saravanan
et al. 2016). Also, the electron transfer from PANI to TiO2 occurs because of the
presence of conduction band at the more negative side and lower bandgap around
2.8 eV as compared with that of TiO2. Therefore, the interfacial charge transfers and
separation between the PANI and the semiconductor take place, thereby making it
a good sensitizer for photocatalysis treatments to work under visible light (Sboui
et al. 2017; Mais et al. 2019). Eskizeybek et al. (2012) have demonstrated the feasi-
bility of solar-assisted degradation of methylene blue and malachite green dyes by
PANI/ZnO nanocomposite. The maximum degradation of 99% was observed with
0.4 gL−1 catalyst dosage under the irradiation of 5 h of natural sunlight. A similar
study by Saravanan et al. (2016) used PANI/ZnO nanocomposite for the degradation
of methylene blue and methyl orange dyes. During irradiation, the PANI gets excited
about π→ π* transition and produces electrons. These electrons get transferred to
ZnO catalyst and stimulate the production of radicals for the degradation. Recently,
Sambaza et al. (2019) modified Ag/TiO2 by the incorporation of PANI supported
by oxidative polymerization. They compared the degradation efficiencies with pure
TiO2, Ag/TiO2, and PANI/Ag-TiO2 and observed an enhancement in the degradation
efficiency for bisphenol-A (BPA) for PANI/Ag/TiO2 at around 99.7% under visible
light with h+ and−O2

− as the dominating reactive species. It also showed good reuse
potential for 4 cycles with > 90% removal till 4th cycle. Another study by Sboui et al.
(2017) demonstrated solar photocatalytic degradation ofmethyl orange dye and other
organic pollutants by the small pieces of cork as support for PANI-TiO2. Due to the
low density and hydrophobic property of the cork, it can adsorb the contaminants
from the water thereby enhancing the efficiency of the process.

Apart from PANI, other conducting polymers such as poly-o-phenylenediamine
(PoPD) and poly-2-aminobenzene sulfonic acid (P2ABSA) have attracted consider-
able attention for developing visible light active TiO2 catalyst. The study conducted
by Online et al. (2017) has established the applicability of P2ABSA/TiO2 nanocom-
posites synthesized by oxidative polymerization method for the degradation of
methylene blue. It was observed that the incorporation of P2ABSA on the surface
of TiO2 does not change the lattice structure and grain size, whereas it enhanced the
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visible light activity of the catalyst due to the lowering of bandgap to 2.70 eV. Also,
it gave six times higher rate of degradation and excellent photocatalytic stability
than TiO2. Yang et al. (2017) developed PoPD modified TiO2 nanocomposites by
in situ oxidative polymerization method and demonstrated the enhanced visible-light
activity with the degradation of methylene blue dye. It was observed that the narrow
bandgap of PoPDof ~ 1.89 eV showed high light absorption, thus it can act as a photo-
sensitizer for TiO2. Also, the maximum degradation of methylene blue was observed
at pH 11.41, catalyst dosage = 1.5 g L−1, and initial methylene blue concentration
of 40 ppm having good reuse potential up to 5 cycles of operation.

8.6.4 Metal Deposition

Modification of semiconductor by noble metal deposition, such as palladium (Pd),
platinum (Pt), silver (Ag), and gold (Au), etc., results in the efficient photocatalytic
reaction since the Fermi levels of these noble metals are lower than that of a semi-
conductor. These metals absorb visible light due to surface plasmon resonance effect
thereby promoting the photoreactions of catalysts (Gomes et al. 2017). Additionally,
photo-excited electrons canbe transferred from the conduction band tometal particles
deposited on the surface of TiO2, while photo-generated valence band holes remain
on the TiO2. These activities enormously diminish the possibility of electron–hole
recombination, bringing higher photocatalytic reactivity (Ni et al. 2007; Safajou et al.
2017). The study on photocatalytic performance for the degradation of the paraben
mixture was conducted by Gomes et al. (2017). They compared the performance of
different noble metals, viz. Pt, Pd, Au, and Ag, supported TiO2 and observed that
0.5%Ag-TiO2 and 0.5% Pd-TiO2 gave maximum removal efficiency for the paraben
mixture wastewater. Among these noble metals, recently palladium has been exten-
sively used by the researchers because of its high stability and catalytic activity
(Safajou et al. 2017). Nguyen et al. (2018) demonstrated the complete degradation
as well as mineralization of methylene blue and methyl orange dyes with Pd/TiO2.
The maximum degradation for 20 mg L−1 initial concentration of MB and MO dyes
was observedwith 0.5wt.%Pd-TiO2 at initial pHof 10 forMBand 2.5 forMO.More-
over, Pd has also been used as the active element for interacting with the surface of
various oxides as supports. The study conducted by Safajou et al. (2017) synthesized
Pd nanoparticle embedded graphene sheets on TiO2 nanowires for the degradation of
Rhodamine B. Their results showed enhanced photoactivity for graphene supported
Pd/TiO2 because the presence of Pd reduces the recombination ratewhereas graphene
increases the surface area, light absorption, and conductivity thereby improves the
separation and transportation of the charge carriers or electrons. Another study by
Yu et al. (2010) investigated the Au and Pd co-modified TiO2 nanofilm for the degra-
dation of pesticide malathion. The Au and Pd co-modified TiO2 catalyst performed
1.72 times better than pure TiO2.
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8.6.5 Heterogeneous Composites

Several reports have tried to understand the stability of photocatalystmaterials during
organic compound removal (Ge et al. 2015). Coupling of two semiconductors with
an appropriate bandgap position can improve the photocatalytic performance due to
the enhanced electron–hole separation and visible light absorption (Yan et al. 2015).

Here, an extensive bandgap semiconductor is combined with a small bandgap
semiconductor with a more negative conduction band level. The conduction band
electrons from the small bandgap semiconductor are injected to the large bandgap
semiconductorwith good stability (Ni et al. 2007). TiO2-ZnOnanocomposite synthe-
sized by Menon et al. (2019) resulted in complete decolourization of methyl orange
due to the bandgap narrowing caused by the coexistence of different phases in the
composite. The synthesis of binary/ternary nanocomposites can facilitate easy charge
separation when compared to single component materials (Zhang et al. 2012). ZnO-
CuO heterojunction photocatalyst synthesized using a chemical method resulted in
more than 90% degradation of Amoxicillin due to the effective charge transfer from
CuO to ZnO and subsequent production of •OH and O2

• (Belaissa et al. 2016).
Coupling of semiconductors can help in improving the stability of one of the photo-
catalyst by preventing leaching and can also improve the interfacial charge transfer
(Zhu et al. 2013). Fe2O3/In2O3 nanocomposites synthesized by hydrothermalmethod
effectively degraded rhodamine B due to the incorporation of In2O3 causing a defect
in the crystal and reducing bandgap and prolonged the electron–hole recombination
(Guo et al. 2020). In a study conducted by Lai et al. (2019), with an optimal mass
ratio of 7% of CuS fabricated on a CuS/BiVO4 heterojunction catalyst, complete
removal of ciprofloxacin was observed under visible light. CuS enhanced the visible
light absorption of heterogeneous catalyst and provided more active sites on the
composite with higher photostability for reuse experiments.

Semiconductor composite photocatalyst with narrow bandgap immobilized on
suitable support materials can exhibit improved photocatalytic activity. TiO2-CdS
nanocomposite decorated on carbon nanofibers prepared by an electrospinning
method enhanced the removal of a mixture of dye pollutants under visible light
irradiation. Complete removal was observed with 5 min of irradiation due to the
enhanced adsorption characteristic of carbon nanofiber and hindered electron–hole
recombination of composite (Pant et al. 2014). ZnO/MgO composite supported on
activated carbon synthesized by the sol–gel method resulted in complete degrada-
tion of methylene blue at natural pH due to the improved trapping of electrons on
MgO sites and holes on ZnO surface consenting charge separation (Karimi et al.
2015). The co-existence of BiOI and Zn2SnO4 were confirmed by XRD results as
two different phases which facilitated enhanced charge separation in BiOI/Zn2SnO4

heterostructure enhanced the photocatalytic degradation of rhodamine B, bisphenol
A, andmethylene blue. (Yan et al. 2015). Under UV irradiation, both catalysts absorb
light resulting in their excitation and charge separation occurs at their junction such
that electron in CB of BiOI gets transferred to CB of Zn2SnO4 and vice versa in the
VB. The carbon spheres acted as dispersing support to control the particle growth and
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as a photosensitizer which narrowed the bandgap in a carbon-supported CuO-BiVO4

nanocomposite synthesized by Zhao et al. (2012) using a hydrothermal method
followed by impregnation. The photocatalyst was stable for four successive reuse
cycles with more than 85% degradation of methylene blue in all cycles with both
•OH and O2

−• as active species for degradation. The hole generated in the valence
band of BiOBr showed higher oxidation potential due to effective charge separation
under visible light irradiation and enhanced the degradation efficiency of BPA using
magnetically separable BiOBr/SiO2Fe3O4 catalyst (Zhang et al. 2014).

8.6.6 Hybrid Heterostructures

Graphene-based materials with their unique structure have received considerable
attention in the area of photocatalysis due to their electronic and charge separation
properties (Brindha and Sivakumar 2017; Zhang et al. 2011). They are used as ideal
conductive support for photocatalyst because of their capacity to stretch out the
extend of light absorption to the visible region (Gao et al. 2012). TiO2 supported
on graphene synthesized by hydrothermal method resulted in degradation of methyl
orange at a kinetic rate of 5.9*10–3 min−1 when compared to 0.9*10–3 min−1 for
pure TiO2. The enhanced degradation was due to higher adsorption of dye molecules
on the catalyst and the electron-accepting nature of the π conjugating graphene
structure which suppressed the charge recombination (Khalid et al. 2013). N-doped
TiO2 particles on reduced Graphene oxide had shown excellent visible light activity
for the degradation of tetracycline hydrochloride. The synergistic effect of improved
absorption of pollutants on the catalyst surface and the effective charge transfer due
to the π conjugation structure of graphene resulted in degradation (Tang et al. 2018).
The enhancement in the photocatalytic degradation of BPA under visible light using
TiO2/reduced GO (TiO2-rGO) composites was due to effective charge separation in
the compositewhichoccurred through the interfacial contact and the larger adsorption
of pollutant on the aromatic planes of graphene through π-π conjugation (Xu et al.
2018). Similarly, the enhanced photocatalytic activity was shown by the TiO2-rGO
composite prepared byWang andZhang (2011) for the degradation of rhodamineB. It
also depended on the enhanced adsorption of the compound on the aromatic region
of graphene, and higher charge transfer occurred in the 2-dimensional graphene
network.

The photocatalytic activity of ZnO/GO composite catalyst depended on the expo-
sure of graphene on the surface of ZnO which helped in rapid migration of photo-
induced electron to the delocalized conjugatedπ structure of graphene (Fig. 8.5) and
enhanced the production of more O2

•− (Xu et al. 2011). In another study, the photo-
catalytic degradation ofBisphenolAbyAg3PO4/GOcompositewas studied byWang
et al. (2014) and observed that the electric field inside composite resulted in retrans-
ferring the excited electron from the conduction band back to the surface of GO and
enhanced the photocatalytic activity. The high charge carrier mobility properties of
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Fig. 8.5 Schematic of
charge transfer in
ZnO/Graphene composite.
Reprinted with permission
from Xu et al. (2011)

graphenewhich helped in accepting the photoinduced electrons frombismuthmolyb-
date (BiMoO6) in a Graphene- BiMoO6 hybrid catalyst improved the degradation
of reactive brilliant red dye X-3B using visible light treatment (Wang et al. 2012a).
The stability of CdS/rGO composite toward the photocatalytic degradation of methy-
lene blue was studied for three reuse cycles and only a 4% reduction in efficiency
was observed after the third cycle. Supporting CdS on rGO avoided the leaching of
Cd ions into the solution and suppressed the charge recombination by photolumi-
nescence quenching by rGO (Wang et al. 2012b). The reduction in degradation of
rhodamine B under visible light irradiation using FeWO4-rGO composites was due
to the competition between rGO and FeWO4 for light absorption beyond a weight
percentage of 0.3% rGO. BiVO4-rGO composite showed excellent photocatalytic
activity when related to pure BiVO4 particles for the degradation of ciprofloxacin
because of the effective separation of electron–hole pairs and enhanced visible light
absorption of the hybrid catalyst (Yan et al. 2013).

Graphitic Carbon Nitride (g-C3N4) are π conjugated materials with higher
stability and lower bandgap (2.7 eV) and are extensively used in photocatalytic
applications (Gao et al. 2020; Liu et al. 2016b). The heterojunction established
between mesoporous graphitic carbon nitride (MPg-C3N4) and ZnO at their inter-
face in the MPGC3N4/ZnO nanocomposites resulted in the advancement of charge
separation and resulted in retaining the stability of the catalyst for five reuse cycles
(Le et al. 2017). They observed that the photocatalytic activity was retained over
88% after the fifth cycle as the change in edge potential at the heterojunction inter-
faces blocked the charge transfer at the recombination centre. Ag/TiO2/MPgC3N4

ternary nanocomposite displayed higher photocatalytic activity due to the synergistic
effect of Ag nanoparticles deposited on TiO2/MPgC3N4 heterojunction (Gao et al.
2020). An optimum amount of Ag particles helped in inhibiting the recombination
rate and the porous gC3N4 increased the light absorption and specific surface area
for photocatalytic reaction. Further, considering the Fermi levels of each component,
the electrons generated in the CB of MPgC3N4 get transferred to the surface of Ag
particles through the CB of TiO2 and suppressed the electron hole-pairs and resulted
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in 4.1 times more degradation of AMX than TiO2/MPgC3N4. Magnetic fluorinated
graphitic carbon nitride (FeGF) photocatalyst synthesized by hydrothermal method
with porous structure and higher surface area had shown higher light absorption and
resulted in 60%mineralization of Amoxicillin in 2 h. The particles had shown higher
photocatalytic activity due to the heterojunction formed between Fe3O4 and fluori-
nated graphitic carbon nitridewhich reduced the charge recombination (Mirzaei et al.
2019). The coupling of Ag3PO4 with g-C3N4 improves the stability of the catalyst by
protecting the dissolution of Ag3PO4 and improved its visible-light absorption range
(Liu et al. 2016b).Ag3PO4@g-C3N4 core@shell nanostructures possess large contact
area between the core and shell facilitating enhanced charge separation resulting in
degrading 97% methylene blue in 30 min of irradiation.

Lamellar graphitized mesoporous carbon (GMC) nanosheets with the large
surface area were used as a support material for the degradation of ciprofloxacin
from water. The carbon component inhibited the agglomeration of TiO2 particles
and enhanced the adsorption of pollutants resulting in complete mineralization of
15 mg L−1 of CPX in 90 min of UV irradiation (Zheng et al. 2018). Apart from the
above-mentioned hybrid materials, carbon nanotubes, mesoporous carbon, C60, and
zeolites were used for the photocatalytic degradation of organic pollutants. These
materials have a positive effect on improving photocatalytic activity by inducing
synergistic effects or improving adsorption properties. Some of the recent studies
conducted using these hybrid materials are shown in Table 8.2.

8.7 Catalyst Immobilization

The industrial application of photocatalytic treatment with nanoparticles is still a
challenge among the researchers due to several limitations associated with the tech-
nique, including agglomeration of the particles, difficulty in separation and recovery,
etc. (Shen et al. 2012). The key solution to the problem is the immobilization of
nanoparticles on suitable support media. Therefore, many researchers are finding
the best ways to anchor the photocatalyst onto the supports with minimum cost
and without lowering photocatalytic efficiencies. The immobilizing support must be
having high light absorption capabilities, good adhesion with the nanoparticles, ease
in separation, chemically inert, abundant in nature, low cost, and resistant to degra-
dation (Ola and Maroto-valer 2015; Kaur et al. 2018). The various support materials
such as glass beads/plates (Shen et al. 2012), alumina (Sakthivel et al. 2002), zeolites
(Liu et al. 2018b), clay beads (Kaur et al. 2018), magnetic core–shell (He et al. 2008),
stainless steel fibres (Hosseini et al. 2007), activated carbon (Quiñones et al. 2014),
polymers (Sboui et al. 2017), etc. has been reported for the photodegradation of
organic contaminants from wastewater. The different methods of immobilization
for the TiO2 catalyst includes sol–gel, electrophoretic deposition, spray pyrolysis
deposition, chemical vapour deposition, and physical vapour deposition (Ola and
Maroto-valer 2015).
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Table 8.2 Photocatalytic degradation using hybrid nanomaterials

Photocatalyst Pollutant Light source Major findings References

Multiwalled carbon nanotubes
(CNT)TiO2

Methylene blue 125 W
mercury
lamp

The charge
separation and
stabilization
attained by
carbon nanotubes
improved the
photocatalytic
degradation
process

Zhao et al.
(2013)

CdS-graphene-CNT composite Methylene blue Visible light CNT acted as
good conducting
material which
reduced
aggregation of
graphene and
suppressed
electron–hole
recombination

Wang et al.
(2013)

Zeolite Socony
Mobil-5(ZSM-5)-TiO2

Acetaminophen 14 W UV
lamp

At an optimum
loading of 40%
of ZSM-5 on
TiO2, 96.6%
degradation of
acetaminophen
was observed at a
catalyst dosage
of 1 gL−1 after
180 min UV
irradiation

Chang
et al.
(2015)

C60/Bi2TiO4F2 Heterojunction Rhodamine B
Eosin Y

visible light
(λ > 420 nm)

The higher
visible light
absorption and
photostability of
the catalyst
enhanced the
oxidation of dye
pollutants

Li et al.
(2013)

TiO2/MoS2@zeolite Methyl orange XG500
xenon
long-arc
lamp

The synergistic
effect of better
adsorption and
efficient charge
transfer resulted
in 95%
degradation of
methyl orange
after 60 min of
visible light
irradiation

Zhang
et al.
(2015)

(continued)
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Table 8.2 (continued)

Photocatalyst Pollutant Light source Major findings References

Carbon black/Ag3PO4 Methyl orange 300 W xenon
lamp

Enhanced charge
transfer ability of
carbon black
resulted in 1.6
times more
degradation of
pollutant when
compared to
Ag3PO4

Liu et al.
(2018a)

Mesoporous
Carbon/Bi2WO6

Rhodamine B 500 W Xe
lamp

Mesoporous
carbon improved
the
crystallization of
Bi2WO6 and
increased the
surface area of
the composite
resulted in
complete
degradation of
Rhodamine B

Chen et al.
(2012)

Mesoporous Carbon/ZnO
Hybrid

Methylene Blue 300 W Hg
lamp

The porosity
rises in the
material and
reduced bandgap
increased the
photodegradation

Wang et al.
(2017)

For instance, Hosseini et al. (2007) investigated and compared the performance
of TiO2 films supported on three different substrates such as perlite granules, glass
plates, and steel fibre for the photocatalytic degradation of phenol. It was observed
that the steel fibre support enhances the UV light absorption and surface area of TiO2

whereas the glass plate forms stable bonds between the OH groups bound to the TiO2

catalyst. Besides, the perlite granules showed a maximum porosity of 95% which
makes them float on the surface of the water. The study by Alberti et al. (2019)
synthesized environmental friendly zeolite having good magnetic properties from
iron and steel waste by simple hydrothermal activation method and it becomes the
support for TiO2 nanoparticles. The sol–gel synthesized TiO2 particles were immo-
bilized on zeolite by ultrasounds and the particles showed excellent degradation of
methylene blue with good recovery and reuse potential. Another study by Kaur et al.
(2018) developed TiO2 and Fe doped TiO2 supported on clay beads by simple heat
attachment and the catalyst showed enhanced degradation of Carbendazim around
88% with a Flat plate photocatalytic reactor under sunlight. The stable immobilized
catalyst was formed at optimum conditions of double coating of TiO2 on 12.42 mm
diameter clay beads which are calcined at 400 °C.
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8.8 Practical Limitations and Catalyst Fouling

The major limitations of photocatalysis during pollutant abatement include the lack
of visible light activity, pH dependence, separation and recovery, catalyst fouling
and stability, etc. As most of the conventional semiconductor photocatalyst materials
require higher intensity light sources for their excitation, the scaling up of the process
becomes expensive. However, the surface modifications of catalysts can improve
the visible light activity, reduces electron–hole recombination and stability of the
catalyst (Batalović et al. 2017; Karim and Shriwastav 2020). Even though photo-
catalysis has been extensively studied for the removal of pollutants, the difficulty in
recovery and loss in photocatalytic activity in the consecutive cycles presents a major
problem in the practical application of the treatment technique. The morphology,
crystalline structure, and particle size of nanoparticles are also a problem for reme-
diation since they can change the surface area and the recovery after the treatment.
Apart from these limitations, catalyst fouling or decay may occur due to various
causes such as oxidation of metal catalysts to inactive oxides and loss of catalyst
sites by adsorption of impurities on the surface (Argyle and Bartholomew 2015). For
instance, Li et al. (2009) reported that zinc oxide is transformed into zinc carbonate
and soluble carboxyl zinc by reaction with carbon dioxide or intermediates prod-
ucts such as carboxylic acid. They have observed regeneration of catalyst by soft-
mechanochemical ion exchange method without producing any harmful byproducts.
The deactivated catalyst can be regenerated by various methods including chemical
and thermal regeneration methods. The study by Wang et al. (2019) investigated the
regeneration of deactivated TiO2 photocatalyst caused by sulfur poisoning. It was
observed that the active sites of the catalyst were adsorbed with H2SO4/SO4

2− and
the thermal treatment was found to be effective by increasing the oxygen vacancy
thereby improving the catalyst activity.

8.9 Challenges and Future Direction

Intense research in the field of photocatalytic degradation of organic and inorganic
pollutants will be needed to address several key technical constraints before commer-
cializing the technology. The commercialization of the photocatalytic technology
suffers several challengesmainly due to rapid electron–hole recombination, restricted
light absorption in the visible region, stability, difficulty in the separation, and reuse
of catalyst. The photocatalyst should have a smaller bandgap to allow it to use the
broad range of the solar spectrum. To overcome these issues, several surface modifi-
cation techniques have been developed and greater research interest has been focused
in the field of visible light active photocatalysis. The modification of catalyst surface
should be able to deliver the photostability of the catalyst for multiple experimental
cycles without causing dissolution of functional groups or metal ions. It should also
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increase the incidence of photons on the active sites of the catalyst to ensure the effi-
cient charge separation and transportation of electrons in the catalyst.Multifunctional
photocatalyst with higher stability and excellent visible light activity can maintain
the long-term activity of the catalyst without reducing the surface-active sites.

Developing an efficient immobilization technique in slurry based photoreactor
or designing reactors which can immobilize photocatalytic systems can overcome
the limitation of recovery and aggregation of particles. The mass transfer limitation
associated with heterogeneous catalysis can be improved to absorb all kinds of pollu-
tants without considering their partition coefficient. Furthermore, fate and transport
of the nanoparticles reaching the aquatic bodies have to be investigated concerning
the safety and toxicity to other levels of organisms. Besides, there are limited studies
on the toxicity of the final or intermediate product of the photocatalysis process or
the photocatalyst itself. Because in various degradation processes the final product
may be more dangerous than the parent compound. Therefore, there must be more
research on the development of an environmentally friendly catalyst for the degrada-
tion and complete mineralization of emerging contaminants, so that it can be applied
in real life.

8.10 Conclusion

Photocatalytic treatment of wastewater has been widely studied due to its supe-
rior photocatalytic activity under irradiation. The present chapter provides the basic
review of the application of the various homogeneous and heterogeneous photocat-
alytic system and its mechanism for the degradation of different contaminants in the
wastewater. Major factors affecting the photocatalytic degradation include pH of the
aqueous solution, catalyst dose, source of light and intensity, presence of oxidants,
and radical scavengers. The degradation of an organic compound by semiconductor
photocatalyst involves the absorption of a photon of energy greater than the bandgap
energy of the catalyst to form electron–hole pairs. The electron–hole pairs eventually
recombine or initiate the oxidation–reduction reaction. However, thesemethods have
some drawbacks such as lack of visible light activity, faster electron–hole recombina-
tion, photostability, etc. Several modifications of catalyst have been developed such
as metal and non-metal doping, heterogeneous composites, hybrid heterostructures,
polymers, metal deposition, and dye-sensitization to extend the visible light response
and stability of the catalyst. To enhance the adsorption of contaminants and recovery
potential of catalyst, various immobilization techniques of TiO2 nanoparticles on
support structures and magnetic separation has been adopted. However, there exist
some technical barriers to the large-scale commercialization of the process. Further
detailed research and development in this area are required to design one novel multi-
functional catalyst having well visible light absorption, high recovery potential, high
adsorption, and stability.
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Chapter 9
Technological Advancement
in Photocatalytic Degradation of Dyes
Using Metal-Doped Biopolymeric
Composites—Present and Future
Perspectives

Palliyalil Sirajudheen, Sivakumar Vigneshwaran, Perumal Karthikeyan,
Chettithodi Poovathumkuzhi Nabeena, and Sankaran Meenakshi

Abstract The rapid and extensive industrialization and the unrestrained growth of
modern textile industries together with the lack of appropriate wastewater treatment
facilities led to the discharge of effluents into water bodies, thereby causing a serious
threat to the environment. The presence of such pollutants in thewater bodies deterio-
rates the water quality and makes it unfit for use. From an environmental perspective,
it is essential to develop new technologies for the wastewater treatment and recycling
of dye-contaminated water. The metal-doped polymeric and biopolymeric materials,
especially chitosan and cellulose composites based photocatalysts, have a prominent
role in the removal of toxic organic dyes from water. Since adsorption is the key step
of photocatalysis, it can be assumed that doping of metals with chitosan and cellulose
biopolymers can show a synchronous effect in improving photocatalytic activity. The
surface modification of biopolymers with metals produces more active sites at the
surface of the adsorbent, which enhances dye and semiconductor interaction as well
as suppresses electron–hole recombination rates during the photocatalytic process.
Herein, the chapter brought in the thought of the application of variousmetal activated
composites in wastewater photodegradation and suggested the versatility in compos-
ites for the development of rapid, selective, and effective degradation processes for
the removal of a variety of organic dyes. It further emphasized the existing obstruction
and impending prediction for the deprivation of dyes via photocatalytic techniques.
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9.1 Introduction

The life of any kind does not exist without water as it is an essential and inim-
itable natural resource on the earth. Water plays a crucial role in preserving the
earth ecology and quality of life. Recently, scarcity of water is observed all over
the world, since the percentage of freshwater is inadequate to meet up the need
of existing population (Singh et al. 2020). The growing water demand, increase in
population, uncontrolled water usage, inadequate rainfall, sudden climate change,
and most prominently, water pollution lead to water scarcity. In the modern era,
water contamination and pollution are regarded as one of the most substantial and
annoying problems that demand an instantaneous and practical solution. Extensive
researches have been carried out to develop efficient treatment methods for removing
pollutants from industrial effluents. The discharge of the untreated industrial efflu-
ents, fertilizers used in agriculture, pharmaceutical wastes, disposal of pesticides,
and dumping of domestic waste into the water bodies are the primary source of
water pollution (Sirajudheen andMeenakshi 2019a). The industrial effluents contain
various organic compounds such as biphenyls (PCBs), dibenzofurans, dioxins, poly-
chlorinated, chlorophenols, and dyes. Among these compounds, dyes are regarded
as one of the most rigorous contributors to water pollution. Most of the industries
use dyes, and the untreated industrial effluents contain numerous quantity of organic
dyes (Natarajan et al. 2018).

Dyes are the colored complex structures that show affinity to the substrate on to
which it is being applied.Dyes appear colored as they absorb light in the visible region
of the electromagnetic spectrum. They are mostly aromatic, ionizing compounds
having diverse chromophore molecules which render them colored. Chromophores
present in dyes are responsible for the absorption of radiation. The dyes can be
classified into various classes such as acid, basic, direct, disperse, metallic, mordant,
pigment, reactive, solvent, sulfur, and vat dyes, which reveals their macroscopic
properties and also their existing functionalities. More than one lakh commercial
dyes are presently obtainable in the market, and all over the world more than 7 ×
105 tons of dyestuff are produced per annum. It is estimated that 10–15% of dyes
are disposed of in water during their synthesis and application processes (Natarajan
et al. 2018). The type, nature, and properties of the dyes reported in some literature
are enlisted in Table 9.1.

The dyes interact either physically or chemically with various substrates and form
strong bonds with them. Figure 9.1 shows the classification of various dyes based on
their method of synthesis, nature of chromophores present, starting material used,
and the type of electronic excitation. Varieties of synthetic dyestuffs are available for
various industrial applications and are listed in Table 9.2. However, the dyes have
been found to be noxious pollutantswhich are also highly carcinogenicandmutagenic
(Sirajudheen and Meenakshi 2019b). In addition, their persistence deteriorates the
fertile agriculture land and also poses a threat to aquatic life. Hence, the elimination
of dye molecules from wastewater is of primary importance before it is released into
thewater bodies. Dyes are resistant to biodegradation, and their removal from aquatic
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Table 9.2 Various applications of dyes (Natarajan et al. 2018). Source (Natarajan et al. 2018).
Reprinted with permission from Elsevier. Copyright © 2018 Elsevier Ltd.

No. Types of dyes Applications

1. Leather dyes: In leather, fat soluble components from these dyes
by applying high temperature have an affinity to
migrate upwards into the layers to give the smooth
finish to leather surface

2. Oxidation dyes: These dyes are used as colourant material for hair

3. Solvent dyes: In wood staining and production of coloured
lacquers, solvent inks, waxes and colouring oils
etc. They are also used in making distempers,
soaps, spirit inks, lacquers, plastic, rubber, ink for
High Density Polyethylene (HDPE) woven bags,
wood gloss finish, metallised polyester film,
paddle dyeing of wool skins and furs, etc

4. Fluorescent dyes: It is used as penetrant liquids for crack detection,
plastics, synthetic resins, printing inks, non-
destructive testing, and sports ball dyeing.
Merantine Brilliant Yellow 8G fluorescent dye is
used in the textile applications

5. Fuel dyes: Used in fuels

6. Smoke dyes: Coloured smoke used for smoke signals in a
military context. It can be produced by smoke
grenades, or by various other pyrotechnical devices

7. Sublimation dyes: These dyes have printing applications. These are
readily available in the market as inkjet ink, toner
for laser printers, or as ribbons for the
thermal-transfer printing

8. Inkjet dyes: Writing industry including the inkjet printers

9. Leuco dyes: It is used in the security printing, novelty bath
toys, swimming pool toys, battery testers

10. Direct dyes: Direct dyes are widely used on cotton, paper,
leather, wool, silk and nylon. They are also used as
pH indicators and as biological stains

11. Vat dyes: These dyes are applied in the cotton, cellulosic and
blends

12. Sulphur dyes: Sulphur dyes are water insoluble dyes and have no
affinity for the cellulosics as such, but solubilized
when treated with reducing agent to form a leuco
compound. These leuco compounds are water
soluble and have affinity for the cellulosic
materials such as cotton, viscose, jute and flex etc

13. Organic pigments Used in cotton, cellulosic, blended fabrics and
paper

(continued)
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Table 9.2 (continued)

No. Types of dyes Applications

14. Reactive dyes: Reactive dyeing is the important method for the
coloration of cellulosic fibres. It can also be
applied on wool and nylon

15. Dispersed dyes: It is commonly used to dye polyester fibres and
nylon

16. Acid dyes: Acid dyes are used for dyeing protein fibres such
as wool, angora, cashmere and silk. Apart these,
milk protein fibres like Silk Latte, Soya Protein
etc., can also be used

17. Azoic dyes: These dyes are used in printing inks and pigments

18. Basic dyes: For dyeing acrylic fibres, basic dyes are used and
also for dyeing of jute, cut flowers, dried nflower,
coir, etc

19. Developed dyes: Developed dyes are applied in the cellulosic fibres
and fabric

20. Mordant dyes These water soluble dyes are affinity for silk, wool
and polyamides

systems is challenging (Sirajudheen et al. 2020). The non-degradability of dyes and
their stability toward the light and/or oxidizing agents complicate the selection of
a suitable dye removal method. In order to meet the required water quality, several
physical and/or chemical processes consisting adsorption, coagulation (Mittal et al.
2010), electrochemical methods (Xia et al. 2013), and photocatalysis (Saravanan
et al. 2014), etc., are required.

Among thesemethods, photocatalysis is themost effective, simple, and known for
the treatment of effluents containing dyes. Photodegradation processes are perhaps
the best method for the removal of the toxic, non-biodegradable pollutants and for
removing pathogens. Unlike photodegradation process, other physical methods do
not degrade the dye molecule but only reduce the dye concentration in water bodies
by converting it fromone form to another, thus creating secondary pollution. (Sirajud-
heen and Meenakshi 2019a). Recent researches on the effluent treatment process in
the dyeing industry specified the use of photocatalysis for both degradation anddetox-
ification. The final products formed during photocatalytic degradation of organic dye
molecule are water and CO2 (Chen et al. 2010), which will not produce any further
toxicity to water.

This paper focuses on discussing some recent articles allied to the synthesis,
properties, and application of the chitosan/cellulose-based semiconductor catalyst
composites reported for the dye degradation process via visible-light photocatalysis.
The plausible mechanism for the dye degradation process is critically examined,
and underlying mechanisms for the photocatalysis have been explored. The methods
of synthesizing chitosan cellulose composites and their surface morphologies are
discussed. Their photocatalytic efficiencies toward a variety of cationic anionic and



9 Technological Advancement in Photocatalytic Degradation … 213

Fig. 9.2 Classification of advanced oxidation processes (Singh et al. 2020). Source Singh et al.
(2020). Reprinted with permission from Elsevier Copyright © 2020 Elsevier Ltd.

Fig. 9.3 Mechanistic viewof semiconductor-based photocatalysis (Singh et al. 2020). SourceSingh
et al. (2020). Reproduced with permission from Copyright © 2020 Elsevier Ltd

azo dyes mineralization are also explained. The existing limitations, their solutions,
and need for further research in the areas of treatment techniques of dye contaminant
of interest are also discussed. Some related scientific hypothesis and perspectives are
put forth for further studies in this field.
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9.2 Advanced Oxidation Process in Photocatalysis

Advanced oxidation processes (AOPs) are efficient and promisingmethods employed
for themineralization of extremely stable organic pollutants such as dyes, surfactants,
pesticides, phenolic wastes, and some inorganic pollutants which are hard to degrade.
The photodegradation process got more significant attraction due to their ability to
create photogenerated electron–hole pairs by harnessing solar or UV–Visible radi-
ation. The electron–hole pairs produce oxygen species (ROSs) which are highly
reactive and have the capability of mineralization of inorganic and organic effluents
fromwater.On the other hand, inAOPs, the oxidation of pollutantsmainly takes place
due to the formation of highly reactive hydroxyl radical oxidant. Hydroxyl radical
(OH·), a strongly reactive electrophile, having the oxidation potential of 2.8 eV,
reacts rapidly and non-selectively with nearly all electron-rich compounds. AOPs
have enhanced the efficiency of wastewater mineralization due to their ability to
utilize solar energy directly for chemical detoxification (Singh et al. 2020). The
different AOPs employed for the mineralization of dyes include chemical, electro-
chemical, sonochemical, and photochemical processes. Depending upon the phase
of the catalysts used, AOPs can be classified into homogeneous and heterogeneous
processes. The different catalysis methods used for dye degradation are shown in
Fig. 9.2. In homogeneous catalysis, the catalyst recovery after photodegradation is
difficult. However, heterogeneous catalysis is economical, easy, simple, and could
be practically used for the water purification process.

9.2.1 Photocatalytic Experiments

The photocatalytic degradation of various dyes are investigated by irradiating a defi-
nite mg/L of dye solutions with different irradiation sources of specific wavelengths
and under different exposure times. In the process, before illumination, a particular
amount of catalyst in milligrams is added into a specific volume of aqueous dye solu-
tions. It has then allowed stirring in a dark condition in a particular interval of time to
create adsorption/desorption equilibrium. The sampling is done at specific time inter-
vals. The progress of the degradation processes is monitored spectrophotometrically.
The percentage of degradation is estimated using Eq. (9.1) as

Percentage removal =

(
C0 − Ct

C0

)
100% (9.1)

Here, C0 and Ct are the concentrations at the beginning of light irradiation and
at time t, respectively. In some experiments, visible light was used as a light source,
to study the effect of essential parameters like initial concentration of dye, catalyst
dosage, pH of solution, and existence of co-ions.
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The chemical oxygen demand (COD) analysis serves to quantify the amount of
organic effluents present in the wastewater. The COD value is the measure of the
total quantity of oxygen required for the oxidation of organic matter contained in
effluents, to CO2 and water. The effectiveness of the photocatalyst composite was
calculated using COD measurement and thereby assessing the efficacy of the photo-
catalyst in wastewater treatment (Sirajudheen and Meenakshi 2019a). The degree of
mineralization in terms of COD reduction was determined using Eq. (9.2)

COD reduction =

(
CODinitial − CODfinal

CODinitial

)
× 100% (9.2)

The efficiency of decolorization is inversely related to the dye concentration.
For measuring COD, a specific amount dye solution in (mL) and photocatalyst in
(mg) were irradiated using light source of suitable wavelength using a photoreactor,
and the corresponding COD values were measured before and after the irradiation.
The decrease in the COD values of the dye solution after irradiation indicates the
substantial reduction of organic matter via photocatalytic degradation. The greater
extent of photodegradation together with lower toxicity of the products shows the
higher potential of the photocatalyst in the elimination of dyes from wastewater
(Meenakshi and Farzana 2013).

9.2.2 Mechanism of Photocatalysis

Dispersion of the biopolymeric composite in the dye solution followed by irradiation
using visible light leads to the ultimate electron transfer from the surface of biopoly-
mers to the dyes. Hence, the electrons (e−) in the valence band (VB) of the metal
can be excited to the conduction band (CB), thereby generating an equal number
of holes in the VB. The excited electron and created hole in the semiconductor are
responsible for the degradation of the dye. The schematic view of the photocatalytic
mechanism is represented in Fig. 9.3. Moreover, the photo-induced holes confined
by OH– result in the formation of hydroxyl radical species (OH•). These act as a
powerful oxidant for the complete or partial mineralization of organic dye pollutants
(Saravanan et al. 2013).

Semiconductors + photons(hv) → e−(CB) + h+(VB) (9.3)

h+ + H2O → H+ + OH− (9.4)

h+ + OH− → OH· (9.5)

e+ + O2 → O·
2 (9.6)
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e− + O2 → O·
2 (9.6)

2e− + O2 + H2O → H2O2 (9.7)

2e− + O2 + H2O → H2O2 (9.8)

e− + H2O2 → OH· + OH− (9.9)

Dyes + OH· + O2 → CO2 + H2O + other products (9.10)

The mechanism explained here is general, and depending on the experimental
conditions, additional steps may be included. It should be considered that the surface
alteration of chitosan and cellulose with metal oxides or sulfides would create a
suitable environment for the formation of more active sites at the surface of the
composite. This results in efficient dye semiconductor interaction, and consequent
enhancement of photodegradation. Further, biopolymers and polymers themselves
adsorb some dyemolecules whichwill be continually supplied to the semiconductors
for mineralization. This process has a significant role in the increase in the efficiency
of dye degradation. The attached semiconductors can enhance the photocatalytic
degradation of dyes. This is attributed to the reduction in band gap owing to the
coupling of metals with metal oxides and sulfides. The decrease in band gap, in
turn, increases the wavelength range corresponding to electron–hole pair separation.
There is a resultant increase in the recombination time, and a higher photocatalytic
activity is thus achieved.

9.2.3 Metallic Photocatalysts

In the early stages of dye degradation and detoxification ofwater, metallic conductors
and semiconductors were widely used as photocatalysts. For instance, TiO2 was used
for oxygen photo-adsorption (Bickley and Stone 1973), and ZnOwas used for photo-
adsorption/desorption of oxygen (Barry and Stone 1960). Phototocatalysts gain high
energy by absorbing photons of the appropriate wavelength. This energy is used
to transfer the electrons from the valence band (VB) to the conduction band (CB),
leading to a redox reaction (Selloni 2008), which causes dye degradation. Apart from
TiO2 and ZnO, various other semiconducting systems, capable of photo splitting of
water upon visible-light irradiation include sulfides or oxides like CdS, ZrO2, and
WO3; titanates like nickel titanate, bismuth titanate, and strontium titanate; photocat-
alysts co-dopedwith antimony and chromium, etc., (Sirajudheen et al. 2016); various
compounds of bismuth like bismuth tantalate (Bi4TaO8I, Bi3TaO7); bismuth niobates
{Bi2MNbO7, (M=Ga3+, In3+, Al3+), Bi2MNbO7, (M=Fe,Al, In, Sm), Bi3TiNbO};,
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and oxides of bismuth like (BiO)2CO3 (Sivakumar et al. 2014), were also found to
have employed in the photocatalytic degradation of dyes. Similar to metal oxides,
most of these have the drawback of having a high value of band gap, and they require
UV photon sources for decolorizing wastewater (Viswanathan 2017). Among these
catalysts, zinc oxide has been widely used because of its wide availability, and zinc
is one of the essential micronutrients for humans.

9.2.3.1 Limitations of Metallic Photocatalysts

Use of titanium and other metal dioxides as photocatalysts have some limitations
in terms of low quantum efficiency (Plantard et al. 2011) and low sunlight utiliza-
tion (Wang et al. 2018), that necessitated researches toward establishing an efficient
photocatalyst. These photocatalysts are novel materials with large surface area, rich
surface sites, and figurative morphology (Zhang et al. 2011a). However, agglom-
eration of these nano-photocatalysts during the reaction (Zhang et al. 2011b; Li
et al. 2017a), difficulty in recovery after usage, and formation of secondary pollu-
tant usually result in limits the development and utilization of these photocatalysts
(Mohamed et al. 2015). However, as these materials have the ability to absorb light in
the visible region and (Melinte et al. 2019) induce the electron shifting, they can be
made more feasible by the following methods (i) by altering their morphologies with
a subsequent change in chemical compositions, (ii) changing the synthesis method-
ologies, and (iii) imprinting or doping the natural compounds with suitable metals,
metal oxides, and/or metal hydroxide compounds.

9.3 Biopolymer-Supported Composites

The most effective and suitable method for the fabrication hybrid composite is to
impregnate or coat the finemetal or metal oxide particles onto solid particles of larger
size. The materials like silica, granular-activated carbon, biopolymer, and polymers
were usedwidely as host materials for the composite preparation (Nithya et al. 2014).
The shape and surface morphology of the composite material has a significant role in
its mineralization performance. The change in morphology of the composite matrix
makes available a large specific surface area, ion-exchange capability, and numerous
size defects, which will induce the sorption capacity of the composite matrix. The
increase in surface area of the photocatalytic materials affects the increase in higher
adsorption of pollutant viz. the dye molecules. If a semiconductor imprinted with
the biopolymer, it will continuously supply the pollutants to the semiconductor for
degradation. This process leads to an increase in the efficiency of photocatalyst
significantly.

Biopolymer materials are most attractive due to their convenient pore size and
surface morphology. Their exceptional mechanical strength which permits their long
term use and the ability to act as a good host for metals attracted the researchers.
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Polymers are synthetic materials, and their biodegradability and biocompatibility are
much less than those of biopolymers such as β-cyclodextrin, chitin, chitosan, cellu-
lose, and their derivatives. The cellulose, β-cyclodextrin, and chitosan are recom-
mended as suitable functional materials because these natural polymers have desir-
able properties such as biodegradability, biocompatibility, adsorption properties, and
non-toxicity.

9.3.1 Chitosan-Supported Composite

Chitosan is a fibrous biopolymer derived by N-deacetylation of Chitin, a major
component of the shells of crustacean such as crab, shrimp, and crawfish. The struc-
ture of chitosan is depicted in Fig. 9.4. Chitosan is a linear polymer of N-acetyl-
2-amino-2-deoxy-d-glucopyranose units with ß-(1–4) bonds. Unlike plant fibers,
chitosan possesses unique properties including optical, structural characteristics and
can form films, composites, etc., (Nithya et al. 2014). It is one of the most promising
materials that can be used as an adsorbent for the removal of dyes (Ashori et al.
2013). It finds application as bio-adsorbent for removal of cationic and/or anionic
dyes due to the simultaneous presence of reactive functional –OH and –NH2 groups,
(Sirajudheen and Meenakshi 2019b), which can provide dynamic doping sites for
metals and metal oxides. Chitosan can also form intermolecular hydrogen bonding
with the pollutants (Huang et al. 2015; Sirajudheen and Meenakshi 2019b). Most of
the characteristic properties of chitosan are due to the high content of primary amino
groups. It also possesses bacteriostatic and fungistatic effects, can separate proteins,
and chelate with many transitional metal ions. The properties of chitosan are greatly
influenced by the process environment that controls the de-acetylating process to
occur. The degree of deacetylation controls the amount of free amino group, which
gives a positive charge to chitosan. The amino group along with hydroxyl group
allows chitosan to be a highly reactive polysaccharide (Nithya et al. 2014).

Fig. 9.4 Structure of chitosan
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9.3.2 Cellulose-Supported Composites

Cellulose, another biopolymerwhich is themost abundant natural biopolymer having
high thermal, physical, and chemical stability, can also be used as a dopant for
metals in the photocatalyst fabrication process. The cellulose molecules are formed
by D-pyran glucose connecting via β-1, 4 glycosidic bonds, and its structure is
shown in Fig. 9.5. Hydroglucose is the structural unit of cellulose. There are three
hydroxyl groups in a hydroglucose unit, wherein esterification and oxidation reac-
tions can occur (Liang and Hu 2016). Cellulose is an ideal matrix substituted for
petrochemical products (Kim et al. 2015; Sheng et al. 2017) in view of its high
flexibility, hydrophilic nature, transparency, and permeability (Jayalakshmi et al.
2015; Zhang et al. 2017). Cellulose molecules are abundant in hydroxyl groups that
can be altered with various functional groups such as carboxyl, amino, sulfo, or
cyclodextrin. Imprinting of cellulose-based materials with photocatalysts produces
new bio-hybrid matrixes for hydrogen photocatalysis and various other renewable
energy applications (Saeed et al. 2019). These advantages of cellulose probablymoti-
vated various research groups to fabricate semiconductor/cellulose composites for
the photocatalytic degradation of dyes (Jiang et al. 2020).

9.4 Biopolymer-Based Photocatalysts

The shape and surfacemorphologyof the photocatalyticmaterial has a significant role
in itsmineralization performance. The change inmorphology of the catalyst increases
the specific surface area, improve ion-exchange capability, and impart numerous size
defects, which will induce the photodegradation capacity of the photocatalyst. The
increase in surface area of the photocatalyticmaterials increases the quantity of pollu-
tant dye molecules, which will be released continuously to semiconductor materials
for degradation. The efficiency of the photocatalyst is thus increased significantly.

Fig. 9.5 Structure of cellulose
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Doping of metals and metal oxides with biopolymers and polymers enhances
photocatalytic ability by increasing the adsorption of organic compounds as well as
suppressing electron–hole recombination rates during the process of photocatalytic
reaction (Li et al. 2004; Nešić et al. 2013). Since adsorption is the key step of photo-
catalysis (Saleh and Gupta 2011), it can be assumed that doping the metals with
biopolymers and/or polymers can produce a synergic effect in improving photo-
catalytic activity. Here, all the existing features of individual components of the
compound are preserved, and at the same time, it could overcome drawbacks like
rapid recombination of photogenerated electrons, low absorptivity, and hindrance
effect of the photocatalyst (Sirajudheen andMeenakshi 2019a). Hence, the electrons
and holes present in the catalyst have redox property which leads to the formation of
active hydroxyl radicals and O2 anion. This hydroxide radical, which is formed by
the neutralization of surface –OHwith photo-hole h+ and superoxide anion, is carried
out by the dissolved oxygen and surface electron (Bickley and Stone 1973). The bond
energy of -OH is reasonably high compared to the bond energies of C–C, C–N, C–H,
C–O, and N–H bonds in organic compounds, and –OH can effortlessly break these
bonds present in impurities that contaminate water (Sivakumar et al. 2014). Inves-
tigation of a visible-light-mediated photocatalyst is warranted highly, and the band
gap of the materials determines the energy of light absorbed (Kudo et al. 1999). The
photocatalytic activity can be improved by doping metal oxides on the biopolymeric
or polymeric surface, which leads to the charge transfer between the photocata-
lyst and the loaded oxides. It could delay the recombination of electron–hole pairs
(Nasr et al. 1996; Kuo and Ho 2006). The size of the particles and changes in surface
morphologies have a positive influence on the photocatalytic efficiency, which can be
achieved by making appropriate modifications (Han et al. 2009). Figure 9.6 demon-
strates the images of various photocatalytic materials such as nanosphere nanotube,
nanobelt, nanoribbon, and nanoflower with different morphologies which are used
in the dye mineralization process.

9.4.1 Chitosan-Based Photocatalyst

The existence of narrow band gap between the valence and conduction bands makes
the semiconductors suitable for the photodegradation of organic and inorganic pollu-
tants. When a semiconductor particle absorbs a photon of energy higher or equal to
the band gap energy, an electron from the valence band advances to the conduction
band with an instantaneous generation of hole (h+) in the valence band and electron
(e−) in the conduction band. The hole generated during light absorption can have
used as an oxidant, and the excited electron can act as a reducing agent in the photo-
catalytic process. In this regard, the semiconductors such as TiO2, ZnO, CuO, Cu2O,
MgO, WO3, Fe2O3, ZnS, CdS, double metal oxides, and g-C3N4, have been used
as photocatalysts in the pollutant treatment process. However, the quick recombina-
tion of the photo-excited electron and consequent hole generated during the process
lessen the activity of the catalyst in the visible region of the solar spectrum, increase
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Fig. 9.6 aNanoflakes,b spheres, c nanotubes,d nanowires, eflower-like, f hollow spheres,gmicro-
spheres, and h nano-rod photocatalytic materials (Singh et al. 2020). Source Singh et al. (2020)
Reproduced with permission from Copyright © 2018 Elsevier Ltd

complexity in tuning of the photocatalyst, and add toxicity to biological systems.
Also, use of bare binary, ternary, and quaternary metal oxide and sulfide nanoparticle
for water treatment is rather limited, due to their various constraints such as partial
mineralization, reduced adsorption of pollutant, highly unstable nature, and tendency
to get agglomerated, difficulty in separation, low reusability, and high toxicity. To
overcome these difficulties, these metal oxides and sulfide have been subjected to
structural and electronic alterations using many naturally occurring and engineered
materials like chitin, chitosan, starch, lignin, bacterial cellulose, activated carbon,
etc., which raise the stability and photocatalytic activity of metallic photocatalysts
(Lightcap et al. 2010; Xu et al. 2011). Among all the above-said materials, chitosan
is found to be a highly reactive polysaccharide due to the presence of highly reactive
amino group along with hydroxyl functional group on its surface structure and hence
is used as supportingmaterial for the synthesis of photocatalysts. Themetal ionswere
found to occupy on the surfaces of chitosan, which contains several active functional
groups, i.e., carboxyl and hydroxyl groups, and tend to coordinate the metal ions.
The literature data of some of the major chitosan-based photocatalysts were listed in
Table 9.3.
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9.4.1.1 Metal Oxide-Based Chitosan Composite

The most commonmetal oxide semiconductor used to blend with chitosan is TiO2. It
has twomajor crystalline forms, anatase and rutile. The band gap energy of rutile and
anatase phases is 3.0 eV and 3.2 eV, respectively. TiO2 absorbs radiation below the
visible range of the electromagnetic spectrum. So, many attempts have been made
to activate the TiO2 in the visible region.

Meenakshi and Farzana (2013) reported chitosan/TiO2 composite (CTC) and was
utilized for the photodegradation of three dyes like an anionic Reactive Red 2 (RR2),
dye, a cationic Methylene Blue (MB) dye, and a zwitterionic dye, Rhodamine B
(RB), respectively. The addition of CTC along with H2O2 considerably improved
the percentage of degradation to about 99.9%, 95.6%, and 85.04% for RR, MB, and
RB dyes, respectively. The degradation of the pollutants is mainly influenced by
the pH of the medium and synchronous role of the catalyst (Meenakshi and Farzana
2013). Generally, in acidic medium, there exist a high electrostatic force of attraction
between the positively charged surface of the sorbents, composite, and the negatively
charged anionic RR dye molecules. As the pH of the system increases, the number
of negatively charged sites in the sorbent also increases which results in a decrease
in degradation of RR but increases the degradation of MB due to its cationic in
nature. In the case of RhB dye, if the pH is greater than 4, the dye molecule exists in
zwitterionic form as RB±, if the pH is between 1 and 3, the dye is in RhB+ form, and
if the pH less than 1, RhBH2

2+ form is adopted. It is found that the uptake of the RhB
was decreased at pH = 4 because of zwitterion formation of RhB molecule. These
ions formed induce the agglomeration of dye molecules to lead to the formation of
dimers, which are unable to enter into the adsorbent pore. At the pH = 8 and pH =
10, the uptake was increased to around 80% due to the formation of excess OH−,
which generates competition between –N+ and –COO−, so that the agglomeration
of RhB molecules will diminish. The influence of pH along with the synchronous
role of CTC favors both adsorption and photodegradation activities (Sirajudheen and
Meenakshi 2020).

Bahal et al. (2019) explain the green synthesis and characterization of novel acrylic
acid grafted amphoteric chitosan/TiO2 (CAT) bio-nanocomposites using ultrasonic
radiations. The unvarying distribution of metal oxide on CA/TiO2 nanocompos-
ites using ultrasonication technique was attained by grafting acrylic acid/chitosan,
which has a weak anionic –COOH group. The prepared composite was utilized
for analyzing photocatalytic degradation of Malachite Green (MG) in visible light.
Since the dye was cationic, the dye degradation occurs at neutral pH, and the
paper does not provide an accurate explanation regarding the ambiguity that exists
upon the influence of pH in dye photodegradation process. The X-ray diffraction
patterns of the fabricated bio-nanocomposite showed sharp peaks at 2θ = 25.4329°
28.8921°, 39.5873°, 48.3106°, and 51.8367°, which justified the incorporation of
TiO2 into chitosan/acrylic-grafted biopolymer. Further, The SEM image emphasized
the formation of the spherical globular interlinked structure as compared with the
cloudy morphology of acrylic acid grafted bio-nanocomposites. It might be due to
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the transformation of inorganic/polymeric material into composite material with an
interlinked structure.

Dhanya and Aparna (2016) studied the photocatalytic degradation of MO and AR
using a composite of TiO2/chitosan in which chitosan act as both a chelating as well
as an immobilization agent. The experimental result reveals that TiO2 nanoparticles
embedded chitosan can remove the dyes from wastewater almost completely. The
predictable particle size from the SEM image was found to be about 40 nm for this
composite. The mineralization capacity was 100%, but COD removal was only 80%
for Methyl Orange (MO), which indicates the transformation of some of the dyes
into their respective intermediate products. The absorbance values of MO at various
pH range showed that the decoloration efficiency increased as for pH 11 < pH 9 <
pH 7 < pH 5 < pH 3. The efficiency of decoloration is higher in the low pH region
and lower in the region of high pH. This observation is obvious from the fact that the
dyes used here for the photodegradation studies were anionic in nature. In the case
of Alizarin dye, the photodecoloration effectiveness seems to be increased from pH
3–7 and then decreases from pH 7–11. The efficiency is higher toward the neutral
region and lowers toward both alkaline and acidic region.

Zhong et al. (2020) investigated the photodegradation of Methyl Orange dye
using alternate-feed spray dryingwhichwas implemented to synthesizemicrospheres
nano-ZnO/chitosan composite. The nZnO retained its hexagonal phase even after
the dispersion and doping the ZnO onto CS microspheres. SEM report of the paper
depicts the nZnO/CS microspheres size, in the order of 2–8 μm. The TEM clearly
confirms that the nZnO were attached to the surface of CS. In this report, chitosan
is being regarded as a metal ion chelating agent as well as a natural adhesive (Wan
Ngah et al. 2011). Thus, during composite formation, the CS chelated and adhered
with Zn2+, and the nanoparticles facilitate the enhancement of biocompatibility to
the prepared nZnO/CS (Q. Zhong et al. 2018). The study revealed that nZnO/CS
exhibits Methyl Orange (MO) decolorization rate of more than 80%. The fabricated
nZnO/CS finds promising biocompatible applications in dye wastewater treatment.

Farzana and Meenakshi (2015) examined and differentiated the photocatalytic
mineralization of Reactive Red 2 (RR2) dye using zinc oxide (ZnO) and zinc-oxide-
incorporated chitosan beads (ZCB) underUVand visible-light irradiations. The SEM
images show that the non-homogenous surface of ZCB becomes smooth after its
fabrication. The band gap energies of ZnO and ZCB are found to be 3.19 and 2.8 eV,
respectively. This decrease in band gap energy of ZCB from 3.19 to 2.8 eV enables
the catalyst to absorb more photons and ultimately progresses the photoresponse of
ZnO to visible-light region. The paper reported that the pH at which the net charge
of total particle surface is equal to zero (pHzcp) of ZCB was 5.2. At pH < pHzcp, the
surface of ZCB gets positively charged and thereby adsorption of anionic RR2 dye
is favored. This results in a higher percentage of degradation since more and more
of RR dye molecules adsorbed at this pH eventually enhance the photodegradation
synergetic effect. In addition, at this pH level, HOO• can form H2O2 and gives rise
to OH• radicals which in turn decolorize dye molecules.

Senthil Kumar et al. (2015) reported an effortless hand picking method for the
100% revival of the photocatalyst. They used a simple wet-chemical method for the
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fabrication ofCuOnanosphereswhichwas subsequently imprinted onto thematrix of
biopolymer (chitosan) in a mild state by solution casting method. The photocatalytic
ability of CuO nanospheres toward the mineralization of organic effluents was also
reported for the first time. They discussed the surface and bulk morphology, optical
properties, and crystal structure were in detail. ICP-OES analysis revealed 3.025%
copper was entrenched on the CS matrix. Effectiveness of the CuO/chitosan was
examined against the degradation of Rhodamine B (RhB) dye. The CuO nanosphere-
chitosan combination provided a higher efficiency of up to 99% toward the degrada-
tion of the dye within 60 min of irradiation. This may be ascribed to the synchronous
role of the composite in having the large surface area of CuO, slow electron-hole pair
recombination rate of nanosized CuO in the biopolymer matrix, and high absorp-
tion efficiency of the chitosan. The major advantage of this work is that it not only
controls the azo type dyes but could also be adopted for the mineralization of diverse
kinds of organic pollutants. They tested the efficiency of the CuO/CS NCF photocat-
alyst in several pollutants, and all the type of organic contaminants showed excellent
degradation activity.

Cao et al. (2013) fabricated Cu2O/crosslinked-chitosan nanocomposites
(Cu2O/CS NCs) in situ, were using a simple one-step liquid-phase precipitation–
reduction method. They reported that Cu2O/CS NCs were approximately similar,
spherical or ellipsoidal, and the surface was porous and rough due to the wrapping of
Cu2O on chitosan matrix. The chitosan layer improves the adsorption ability of the
dye and molecular oxygen and prevents the rapid recombination of electrons–holes
pair. The brilliant red X-3B (X-3B) was used as a model pollutant for the investiga-
tion of visible-light photocatalyticmineralization performance ofCu2O/CSNCs. The
report says that the photodegradation process of Cu2O/CS NCs followed an apparent
pseudo-first-order kinetics model. Since the dye is negatively charged, the dye X-3B
degraded more in the acidic medium than in alkaline medium. Cu2O/CS NCs exhib-
ited enhanced visible-light photocatalytic activity compared to other photocatalysts
reported before under similar experimental conditions.

9.4.1.2 Bimetallic Double Oxide Loaded Chitosan Composites

In recent years, researchers have focused on the use of semiconductor photocatalysts
to photodegrade harmful dyes because they demonstrate the ability to completely
degrade such colorants. Usually, many metal oxides are used as photocatalysts due
to their exceptional physical and chemical properties such as high chemical stability,
non-toxicity, broad region of absorption, high photostability, and cost-effectiveness.
Further, their wide direct energy band makes them appropriate for use as a photo-
catalyst (Xie et al. 2011; Tian et al. 2012; He et al. 2018). However, the absorption
ranges of some of these metal oxides are limited to a narrow visible range; hence
exhibits low photocatalytic degradation. To surpass this, some researchers tried to
load metals, metal oxides, and metal sulfides onto the surface of some other metal
oxides. This doping will contribute to the total photocatalytic efficiency of the metal
oxides and also enhance the ability by trapping the photo-excited electrons and
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subsequent transference of these electrons to the metal oxides from the visible-light
region (Tang et al. 2008;Ma et al. 2016). The simple doping of metal on metal oxides
will cause the agglomeration that eventually reduces the specific surface area of the
composite resulting in a decrease in the photodegradation of these double metal
oxides. In order to overcome this, a matrix can be embedded with these compounds
as a support that can prevent the reduction of the specific surface area and restrain
the agglomeration of these materials (Ma et al. 2016). Specifically, chitosan is used
as the locking surface for these materials, whereby doping the M–O on M–O to a
chitosan polymer can upgrade its properties.

Zayed et al. (2020) reported a new solid-state preparation route of chitosan-
supported copper oxide using ascorbic acid, namely chitosan-supported Cu2O/CuO
nanocomposite. The synthesis and photodegradation of Methylene Blue (MB),
Methyl Orange (MO), and Reactive Red (RR) dyes are schematically represented in
Fig. 9.7. The X-ray diffraction emphasized the cubic structure of Cu2O. Also, the
presence of CuO is confirmed by the presence of the diffraction peaks at 2θ = 32, 48,
58, and 65 which are related to the planes (110), (202), (202), and (310). They found
out the optical band gap energy of Cu2O/CuO to be 1.85 eV. For this photocatalyst,
the reaction rate is increased in the pH range of 6–9. The photocatalytic degradation

Fig. 9.7 Ball-milling preparation of Cs/Cu2O/CuO nanocomposite (Zayed et al. 2020). Source
Zayed et al. (2020). Reproduced with permission from Copyright © 2020 Elsevier Ltd
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of MB, MO, and RR was investigated using the Cu2O/CuO and was found to be
more than 90% for all the three examined dyes.

Alzahrani (2018) introduced a method to mineralize Fast Green (FCF) dye using
a membrane of chitosan (CS), packed with ZnO or ZnO/CuO-heterostructured
nanocomposites. The CS membrane was used as a supporting matrix, and the nano-
materials were used as photocatalysts. The percentage of photodegradation of the
dye was determined by monitoring the absorbance at 623 nm, the λmax of FCF, for
different irradiation times. The mineralization percentages of the dyes in solar light,
using the CS-ZnO and CS-ZnO/CuO membranes were found to be 57.90% and
60.23%, respectively. When irradiated with UV light, CS-ZnO and CS-ZnO/CuO
exhibited photodegradation percentages, 71.45% and 91.21%, respectively. These
studies pointed out that the best photocatalytic system for the degradation of FCF
dye was CS-ZnO/CuO membrane in combination with UV light irradiation.

Linda et al. (2016a) fabricated a CdO/NiO/Chitosan nanocomposite and exten-
sively examined the photocatalytic degradation of Rhodamine B (RhB) dye. Irradi-
ation using visible light degrades nearly 90% of RhB dye in a short time. The cubic
structure was observed for the both CdO and NiO particles, and in CdO the utmost
orientation plane was shifted to some extent toward higher angle due to doping of
NiO. The optical microscopic studies revealed the porous nature of the composite.
It is a desirable property, as the nanoparticles that get adsorbed on the surface of
the chitosan polymer matrix implies the successful incorporation of the nanoparticle
within the chitosan matrix. The porous nature of the particles, smaller crystalline
size, and enhanced surface area will contribute to the total photocatalytic activity.
Further, the chitosan biopolymer surface behaves like a capping agent that absorbs
the nanoparticles and looks like a cloud in the space. It clearly emphasized the more
exceptional chelating ability of the chitosan, a more significant extent of interaction
toward the metal oxide particles.

9.4.1.3 Metal Sulfide-Based Chitosan Composite

Aziz et al. (2020) reported the synthesis of chitosan-zinc sulfide nanoparticles (CS-
ZnS-NPs) with an average particle size of 40 nm. XRD analysis illustrated the crys-
tallinity and hexagonal crystal structure of the ZnS in CS-ZnS-NPs. The calculated
band gap for the nanocomposite is 3.55 eV. The photodegradation efficiency of CS-
ZnS-NPs was examined using two toxic anionic azo dyes, Acid Black 234 (AB234)
and Acid Brown 98 (AB98). The sample was irradiated using a UV lamp at 254 nm
during the photo-mineralization process. The contour plots for photocatalytic degra-
dation AB234 andAB98 dyes were given in Figs. 9.8 and 9.9. According to the coun-
terplots, CS-ZnS-NPs exhibited enhanced dye degradation of about 96.7% AB234
in 100 min and 92.6% for AB98 in 165 min. The CS-ZnS-NPs were easily recovered
after four successive recycles. The catalyst was most effective and degraded the dye
predominantly at the pH of 6 and 7.

Khan et al. (2019) fabricated copper sulfide nanoparticle-chitosan beads (CuS-
CB), by dispersing CuS nanoparticles on chitosan beads (CB). The prepared particles
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Fig. 9.8 Response surface and contour plots for photocatalytic degradation of AB98 as a function
of (a) C: dose (g) and B: initial dye concentration ppm (pH= 7.0, reaction time= 150 min), b A:pH
and B: dose (g) (initial dye concentration = 50 ppm, reaction time = 150 min), and c A: initial dye
concentration ppm and B: pH, reaction time = 150 min (Aziz et al. 2020). SourceAziz et al. (2020)
Reproduced with permission from Copyright © 2020 Elsevier Ltd

showed a smooth surfacewith an average of 735μmbead size and band gap of 2.1 eV.
The beads were used to analyze the photo-mineralization of one of the cationic dye,
Malachite Green (MG). PH 8 was maintained for degradation. Since the increase of
pH beyond 8 brings no significant change in degradation and at pH higher than 8,
the Malachite Green is present in neutral form that has less attraction for negatively
charged photocatalyst. The paper confirms the hexagonal structure of the CuS but
does not say anything about the morphology of the CuS-CB. The CuS-CB exhibited
95% of photo-mineralization at the enhanced visible-light environment.

Zhu et al. (2009) reported the fabrication of crosslinked chitosan/nano-CdS
(CS/n-CdS) composite catalyst through the biomineralization process and exten-
sively studied the mineralization of Congo Red dye. Results of XRD in this study
specified the successful development of the hexagonal phase of CdS on raw chitosan.
Recycling experiments of this study confirmed the relative stability of the catalyst.
The structure of the composite consists of many pleats on the surface of CS/n-CdS
that provide a much larger surface area for degradation reaction. The CS/n-CdS had a
spherical morphology with about diameters of 25–35 nm. The CS/n-CdS composite
exhibited better thermal stability even at 8000 C, and the compound mostly has CdS
at this temperature range. The study revealed that the existence of co-anion NO3

−
would enhance the photodegradation of Congo Red (CR) dye. The decomposition
rate byNO3

− may be linked to the direct or indirect formation of hydroxyl radical that



232 P. Sirajudheen et al.

Fig. 9.9 Response surface and contour plots for photocatalytic degradation of AB234 as a function
of (a) C: dose (g) and B: initial dye concentration ppm (pH = 7.0, reaction time= 150 min), b A:
pH and B: dose (g) (initial dye concentration = 50 ppm, reaction time = 150 min), and c A: initial
dye concentration ppm and B: pH, reaction time = 150 min (Aziz et al. 2020). Source Aziz et al.
(2020) Reproduced with permission from Copyright © 2020 Elsevier Ltd

will induce the photodegradation process. Conversely, other anions had an inhibitory
effect on dye degradation process.
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9.4.1.4 Silver-Based Chitosan Composites

Currently, a new type of plasmonic photocatalyst Ag/AgX (X = Cl, Br, I) due to
their surface plasmon resonance displays outstanding photocatalytic efficiency in
the mineralization of organic effluents in the visible-light region. Conversely, there
are some reasons that are disrupting the use of this catalyst. Drawbacks of Ag/AgX
photocatalysts that would lead to a remarkable decrease in the photocatalytic activity
are quick recombination of photogenerated electron–hole pair, easy agglomeration
(Sohrabnezhad et al. 2014; Gao et al. 2014), difficulty in isolation and recovery
from the reaction medium etc. (An et al. 2012). To overcome these problems, a
lot of research has been carried out to fabricate suitable immobilizing/supporting
materials that can effectively prevent the agglomeration of the silver particles and
thereby increase photogenerated electron–hole recombination of the photocatalytic
elements during the reaction. As known, chitosan (CS) is a hydrophilic biopolymer
carrying cationic charge derived from partial N-deacetylation of chitin. CS contains
a plentiful hydroxyl (–OH) and amino (–NH2), which can interact with the metals
via adsorption and chelation. It can act as a support and effectively prevent the
agglomeration of metals in the growth of NPs and solve the problems of separation
and recovery (An et al. 2012; Senthil Kumar et al. 2015).

Wang et al. (2017a) reported a simple one-step method of preparation of novel
Ag/AgCl/chitosan composite photocatalyst. Chitosan played a dual role in the
preparation process such as a reductant to reduce Ag+ to Ag0 species and acted
as a supporter for Ag/AgCl nanoparticles as well. Under visible-light irradiation,
the nanocomposite exhibited high photocatalytic activity for the degradation of
Rhodamine B (RhB). The result of photocatalytic degradation experiment revealed
that 20% the mass ratio of AgCl to chitosan was the optimum for yielding 96%
degradation of the dye molecules. The XRD showed the Ag/AgCl/CS sample char-
acteristic diffraction peaks at 2θ at 27.92°, 32.41°, 46.41°, 54.99°, 57.66°, 67.60°,
74.58°, and 76.93°, which were in good agreement with the primary diffractions of
(111), (200), (220), (311), (222), (400), (331), and (420) crystalline planes of AgCl.
On the other hand, no distinct peak for metallic Ag was found in the XRD, which
may be due to its low content (Gupta and Saleh 2013; Jeevanantham et al. 2018).

Wu et al. (2020) synthesized plasmonic Ag/Ag3PO4/Chitosan composite photo-
catalyst using low-temperature process. As per the authors, chitosan played three
crucial roles in this composite. Firstly, it was committed for the in-situ reductions of
Ag+ ions of Ag3PO4 into metallic Ag. Also, it acts as a transporter of Ag/Ag3PO4

nanoparticles and lastly prevents the aggregation of metallic particle. Besides, the
prepared hydrophilic chitosan-based composite could be easily recovered from
the solution. The photodegradation experiments indicated that the Ag/Ag3PO4/CS
composites possess the superior photocatalytic activities in the Rhodamine B (RhB)
degradation under visible light, but needs to improve the stability of the composite.
A body-centered cubic phase of Ag3PO4 was identified in the XRD, but there is no
distinct peak for metallic Ag which was found in the XRD, maybe due to its low
content.
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Taghizadeh et al. (2020) synthesized a nanocomposite chitosan/AgCl/ZnO
(CS/AgCl/ZnO) hydrogel beads system and used for the photocatalyst degradation
of Methylene Blue (MB) as well as Escherichia coli (E. coli) and Staphylococcus
aureus (S. aureus) as gram negative and positive bacteria under visible-light irradi-
ation. The CS/ZnO, CS/AgCl, chitosan/AgCl/ZnO degraded about 34%, 41%, and
98% of Methylene Blue (MB) dye, respectively, during the photodegradation in the
ideal pH 11. This emphasized the synergetic effect in the photocatalysis. Based on the
SEM image analysis, researchers found the particle size to range from 20 to 40 nm. It
was also revealed that the formation of zinc oxide and silver chloride nanoparticles
range, AgCl/ZnO, with 0.2 mol fraction of silver chloride. The increase in AgCl
causes no perceptible change in the surface morphology of the nanocomposites.
Based on the XRD, the authors claimed the wurtzite hexagonal crystalline structure
for ZnO. Cubic crystalline phase of AgCl and hydrated crystalline and amorphous
peaks which related to the semi-crystalline nature of pure chitosan were visible at
10.9° and 19.8°. Besides, the literature data of some of the major chitosan-based
photocatalysts were listed in Table 9.3.

9.4.2 Cellulose Composite-Based Photocatalyst

As a regenerated bioresource, cellulose has been extensively explored in recent years.
Being an assemble of microfibers with full of hydroxyl groups, these materials can
easily combine with other materials via hydrogen bonding. Though normal cellu-
lose does not possess functional or photo/electrochemical property, it has many other
advantages, such as cheap availability, natural origin, ease of processing and recovery.
Moreover, its enhanced electron–hole separation due to their ability to immobilize
photocatalysts to avoid secondary contaminations (Kim et al. 2015), making cellu-
lose as a suitable substrate candidate for preparing cellulose-based composites. Thus,
cellulose composite has attracted extensive attention of researchers, andmany related
works have been reported (Zou et al. 2019). The semiconductor photocatalysts are
playing an essential role in addressing many environmental and energy challenges.
Extensive studies have been made to investigate the usage of different types of semi-
conductors in the synthesis of the cellulose-based photocatalyst composites of metal
oxides like (ZnO, TiO2, MnO2, Cu2O, WO3), metal sulfides including (ZnS, CuS,
CdS, CuInS2, Ag2S-ZnS), bismuth-based semiconductors such as (BiOCl, BiOBr,
BiOI, Bi4O5Br2), silver-based semiconductors like (AgBr, AgI, Ag3PO4, AgCrO4,

and AgVO4), and non-metallic semiconductors such as (graphene, carbon nitride).
The photocatalytic activities of these composites need a detailed discussion. Table 9.4
represents the summary of the photocatalytic activities of some of the cellulose-based
composites.
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9.4.2.1 Metal Oxide-Based Cellulose Composite

The researchers exploited the advantages ofmetal oxides such as large band gap, high
thermal stability, non-toxicity, wide availability, and compatibility for blending with
the cellulose composite. The imprinting ofmetal oxideswith cellulosewould provide
preferential active sites formolecular adsorption and dissociation and also act as traps
for photo-excited charge carriers and lag the recombination of the photo-excited elec-
trons and holes (Dette et al. 2014). Possibly these advantages were explored (Wittmar
et al. 2015), and cellulose–TiO2 nanocomposites were fabricated successfully by
non-solvent-induced phase separation. The optimum ratio of wet cellulose acetate–
TiO2was found to be 15:1 and was used for photodegradation 10 mg/L of Methylene
Blue (MB) and Rhodamine B (RhB). However, the increase of the dose of TiO2 will
retard the photocatalysis since the agglomeration of the composite will result in a
decrease in surface area. Li et al. (2018) prepared a cellulose nanofiber/TiO2 aerogel
(CNFT) through a facile hydrothermal method and utilized it for the photocatalytic
degradation of Methylene Blue (MB) solution. The synthetic route of the composite
was shown in Fig. 9.10.

TiO2 nanoparticles adhered on to the surface of cellulose nanofibers as scaffold
through a hydrogen bond and were well-distributed. The particle size distribution
data showed that the mean diameter of TiO2 nanoparticles was around 6.8 nm. In
the system of the as-prepared CNFT, CNF played essential roles in adsorption of
pollutant and in stopping the electron–hole derived from TiO2 from recombining.
The mechanism of photodegradation is shown in Fig. 9.11. The mineralization result

Fig. 9.10 Mechanism for the generation of the TiO2 nanoparticles on the surface of CNF (Li et al.
2018). Source Li et al. (2018). Creative Commons Attribution License
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Fig. 9.11 Schematic illustrating the strategies to develop •O2
− and •OH (Li et al. 2018). Source

Li et al. (2018). Creative Commons Attribution License

showed that the composite aerogel showed enhanced photodegradation of pollutant
(MB) in ultraviolet light (UV) as well as in the sunlight irradiation. Based on the
result, it could be concluded that the green and portable photocatalyst has promising
wastewater treatment application.

Aboamera et al. (2019) prepared CA/GO composite nanofibers using electrospin-
ning techniques and crosslinked using TiO2. The fabricated composite was stable in
adsorption capacity throughout many degradation cycles, had a fast adsorption rate,
and use the power of low intensity for the photodegradation of IC and MB dyes.
The photocatalysis experiment was conducted using UV– Visible spectrometer of
wavelength between 320 and 400 nm and showed very high degradation rate. The
pH value of the solution was discussed in this paper due to its effect on the surface
charge of the adsorbent and also on the new forms of the adsorbate along with avail-
ability of sorption sites. However, the explanation for the effect of pH in the case of
IC was satisfactory while that of MB was somewhat ambiguous since MB was posi-
tively charged. Li et al. (2017b) prepared OBC/TiO2-Lac composites by dissolved
in 100 mM in a solution of sodium acetate and acetic acid buffer solution (pH 3.45)
and mixed homogenously for 0.5 h. The scheme of preparation and photodegrada-
tion mechanism was depicted in Fig. 9.12. The prepared OBC/TiO2-Lac showed
nearly unit activity, 100% at pH 7. The preserved relative activity of 67% even after
10 cycles is proof of its exceptional reusability. Therefore, synthesis of functional-
ized composite bacterial cellulose nanofiber membranes with a combined bio- and
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Fig. 9.12 Schematic representation of chemical modification of BC followed by the subsequent
preparation of OBC/TiO2-Lac composite functionalized membranes deployed for dye degradation
(Li et al. 2017a). Source Li et al. (2017a). Reproduced with permission from Copyright © 2017
Elsevier Ltd

photocatalytic properties are a potentially valid approach for industrial textile dye
degradation.

It has been observed that ZnO is relatively more economical than TiO2 and
other conventional semiconductor nanoparticles (Liang et al. 2012). This may be
the reason for Tavker and Sharma (2018) the fabrication of Zinc oxide nanoparti-
cles from zinc acetate dihydrate and nanocellulose via the in-situ method by adding
different amounts of nanocellulose. The latter compound was isolated from agro-
waste using chemo-mechanical treatments. The photocatalytic efficiency of 10 mg
of nanocellulose doped zinc oxide (NC/ZnO) composite was investigated using RhB
and was found to be 35% invisible, 76% in sunlight, respectively. But the paper could
not explain anything about the influence of pH in the photodegradation process. In
metal oxide doped composites, adsorption is the key to photodegradation, which
will influence the crystallite size of the composite. Herein, the doping of ZnO with
cellulose was in the ratio of about 2:1, this ratio must increases the crystallinity of
the prepared composite and it may be one of the reasons for the low degradation rate.

Peng et al. (2019) fabricated a novel manganese dioxide cellulose
(MnO2/cellulose) composite film through a low-temperature physical sol–gel gela-
tion. The composite exhibited high mechanical strength and could buckle flexibly.
Composite had a three-dimensional porous frame structure where MnO2 particles



240 P. Sirajudheen et al.

were uniformly dispersed. TheMnO2/cellulose film showed betterAcidOrange (AO)
dye removal efficiency than pure cellulose film (76.1% after 90 min) and is highly
recyclable. The XPS analysis revealed the +3 and +4 valence of manganese at the
peak of 641.2 eV and 642.6 eV, indicating the existence of different valencies of Mn
due to the surface defects. This +3 valence of manganese will enhance the catalytic
oxidation properties via the surface oxygen on the composite.

Somehow, the cellulose matrix shows some resistance with the semiconductors at
the extreme environment (e.g., hardness, pH value, conductivity, and tensile strength)
that does not meet some experimental requirements. So, the researchers were forced
to imprint other substances in cellulose membrane (Singh et al. 2020). Oxygen cavi-
ties in inorganic semiconductors have a significant role in reducing electron–hole
recombination,whichmay have vital implications in photocatalysis. The visible-light
active p-type semiconductor cuprous oxide (Cu2O) is one such catalyst. However, the
synthesis of photostable Cu2O enriched with oxygen defects remains a challenge.
Tu et al. (2014) synthesized a portable visible-light photocatalyst through in-situ
process for the degradation of Methyl Orange (MO) dye. The micropores of regen-
erated cellulose (RC)/graphene oxide (GO) matrix were used as a microreactor for
the development of Cu2O nanoparticles. Cu2O nanoparticles were immobilized and
evenly distributed in the cellulose matrix to excite and generate free photoelectrons
and electron holes. It can be seen that, among various Cu2O compositions are loaded
on RC/GO, the lowest degradation rate was shown by the photocatalyst with highest
Cu2O loading. This is because higher dosage of Cu2O nanoparticles formed in this
case may aggregate inside the cellulose matrix and block the cavities of the cellulose
composite films. Thus, the activity point of Cu2O was diminished, and the exchange
of MO solution was inhibited.

Rajeswari et al. (2017) fabricated cellulose acetate-polyurethane (CA-PU)
membrane imprinted with nano-ZnO as a photocatalyst through solution dispersion
blendingmethod and utilized for anionic Reactive Red 11 (RR11) and cationic Reac-
tive Orange 84 (RO84) dyes degradation. In this study, the maximum dye removal
observed at neutral pH needed a more convincing explanation, since the natures of
the two dyes are entirely different. The prepared membrane surface of this study
confirmed the existence of micropores which were randomly distributed on the
surface. This reveals the asymmetric nature of the membrane, and it may be the
reason for the highest percentage of degradation of the dye molecules.

Linda et al. (2016b) explored the solution cast method for the synthesis of cellu-
lose/ PVC/ZnO thin film and was effectively utilized for the degradation of Congo
Red (CR) and Crystal Violet (CV) dyes. The photocatalytic activity studies of the
PVC/ZnOcomposite reveals that the cellulose/PVC/ZnOcomposite has better photo-
catalytic activity than that of the PVC/ZnO composite. However, the aspects that
activity of these types of composites is influenced by pH and crystallite size were
not explained in this research. Fan et al. (2019) synthesized the cotton (C)-PDA–
Ag–WO3(c) composite photocatalytic material and investigated the photocatalytic
performance with Reactive Blue 19 (RB 19) dye. A 98% degradation of the solution
was accomplished within 180 min using visible-light irradiation. The (C)-PDA–Ag–
WO3(c) exhibited better photodegradation than C-PDA-Ag–WO3(a), of 50 mg/L
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dye solution. The FE-SEM clearly showed the regular three-dimensional structure
of Ag nanoparticles with a size of about 40 nm. The XPS of the composite, 36.31
and 34.21 eV, was related to W6+ atoms, and the peaks at 37.07 and 34.66 eV was
well established with the W5+ atoms (Cao et al. 2018; Ding et al. 2017; Meng et al.
2015). The results confirmed that the tungsten element extensively existed in two
oxidation states such as W6+ and W5+ (Zhang et al. 2017a) suggesting the presence
of oxygen vacancies in WO3, which will enhance the photodegradation capacity of
the (C)-PDA–Ag–WO3(c) composite matrix.

9.4.2.2 Metal Sulfide-Based Cellulose Composite

Metal sulfides are supposed to be the promising photocatalysts as they have narrow
band gaps together with valence bands at the negative potential in comparison to
oxides. Thus, it results in an enhanced visible-light photocatalytic activity (Melinte
et al. 2019). But, due to their photo-corrosion phenomenon (Yue et al. 2016), they
are the most unstable photocatalyst (Wang et al. 2017b; Kumar et al. 2016; Lim et al.
2018). Hence, organic–inorganic hybrid synthesis is found to be an efficient method
to improve physicochemical properties. It will further enhance the photocatalytic
activity metal sulfide structures.

Saeed et al. (2019) prepared 3Dmacroporous CuS-functionalized cellulose-based
aerogel (CBA) structure through in-situ deposition of visible-light-responsive CuS
photocatalyst and utilized it for the effective degradation of Methylene Blue (MB)
dye molecule. CuS/CBA composite catalyst in visible light showed the degradation
94.1%, while, 67.4% for pure CuS at pH 6.8. Even after five consecutive cycles, it
maintained the MB degradation rate above 80%. During the preparation, the CuS
was dumped onto the outer and inner walls of CBA aerogel structure. In this study,
there was formlessly explained that the samples with high concentration load of CuS
on CBA demonstrate better degradation performance against MB. Since the increase
in the ratio of metal sulfide and cellulose will cause the agglomeration, and it will
retard the rate of photocatalysis in the absence of any organic capping agent.

Zhou et al. (2019a) prepared 2D porous CdS sheets held on bacterial cellulose
(BC@CdS) via the biotemplate method. Compared with pure CdS nanoparticles,
visible-light-driven H2 production activity of BC@CdS composite was improved
by ∼3.5 times. In this preparation, CB acts as a scaffold for the proper devel-
opment of CdS at its surface. The BC@CdS-2 and BC@CdS-4 TEM shows a
consistent epitaxial growth of CdS nanocrystals. The diffraction peaks of BC were
broadened due to the impure crystalline structure of natural material. Because of
the capping nature of the CdS nanocrystals, the peak intensity of BC decreases,
whereas broadening increases, which emphasizes the semi-crystalline nature of the
composite.*Capping provide a large surface area to the composite, thereby improving
its adsorption during photocatalysis. In addition, even after four cycles test of degra-
dation of Methylene Blue (MB), the degradation ability of BC@CdS sheets did not
show a significant decrease. This indicates the excellent stability of the composite
as well as recycling efficiency.
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Tavker et al. (2019) hydrothermally synthesized agro-waste-extracted, cellulose-
supported CuInS2 nanocomposite photocatalysts and studied its efficiency in dye
degradation using Rhodamine B (RhB) dye. The paper put forth the crystalline
nature of the cellulose. However, the XRD pattern emphasized the semi-crystallinity
of the composite. The FE-SEM image of CIS shows hierarchic hollow structures
made up of nanoflakes with the thickness of ∼50−55 nm. These Cel/CIS have
superior visible-light-driven photocatalytic activity, as the electrostatic interaction
that operates between cellulose and CIS helps in delaying the charge carrier. The
Photocatalytic efficiency of bare CuInS2 is very low due to speedy recombination
of the charge carriers, electron, and hole. However, the cellulose supported CuInS2
exhibited tenfold higher photocatalytic efficiency than pristine-supported CuInS2.
The blending of CuInS2 with biopolymeric cellulose delays the electron–hole
recombination interaction and thus facilitate degradation.

Prashantha Kumar & Ashok Kumar (2019) fabricated new visible-light-active
nanosized double sulfides, Ag2S–ZnS loaded on cellulose (AZCE) by a precipitation
method. The XRD results revealed the semi-crystalline nature of the composite.
The TEM showed that Ag2S–ZnS nanoparticles were evenly distributed and also
encapsulated on the surface of CE fiber. The photodegradation ability of the prepared
composite under visible light had been investigated using Rhodamine B (RhB) dye.
30 mg/L of the dye have been effectively oxidized using 30 mg of the AZCE dose
in the pH 4–12 range within 90 min. The cellulose acts as catalyst surface, and the
alkaline pre-treated cellulose provides an active surface hydroxyl group that will
enhance the deposition capacities of Ag2S and ZnS. Consequently, a large amount
of visible light could be absorbed, and the photodegradation ability of the composite
was increased.

9.4.2.3 Gold- and Silver-Based Cellulose Composite

Gold and silver are considered to have of promising photocatalytic activity to decom-
pose organic pollutants because of the exceedingly dispersive band structure (Reddy
and Yang 2015; Azetsu et al. 2011). Moreover, the size of Ag remains relatively
large, which might have an influence on its activity. The higher surface area of
smaller particle size is thought to be of benefit to the photocatalytic reaction, which
mostly occurs on the catalyst surface (Linsebigler et al. 1995). Still, a tendency to
self-aggregate due to their sizeable active surface energy causes a massive drop in
catalytic activity (Azetsu et al. 2011). Construction of nanoparticles with the highly
uniform size is also an effective method to improve the photocatalytic efficiency in
eliminating the effluents from the solution. Conversely, the removal nanoparticles
from solution are very difficult, which causes secondary environmental pollution. To
resolve this difficulty, imprinting of nanoparticles with renewable biomass macro-
molecules such as cellulose, chitin, and chitosan, has been employed (Chang and
Chang 2010; Madhusudhan and Reddy 2019).

Alle et al. (2020) exhibited well-dispersed synthesize gold nanoparticles (AuNPs)
through cellulose nanocrystals (CNC), which acts mutually as reductant and
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sustaining agent. The prepared composite AuNPs were well-adhered on the CNC
surface and had a homogeneous spherical shape with an average diameter of 8 ±
5.3 nm. The dye mineralization of the adsorbent molecule is investigated extensively
using Allura Red (AR), Congo Red (CR), Rhodamine B (RhB), and Amaranth (AM)
with NaBH4, the latter compound acted as an electron donor, and the dye molecules
act as an electron acceptor. The biosynthesized AuNPs/CNC nanocomposite showed
exceptional degradation properties in the mineralization of dyes such as AR, CR,
RhB, and AM.Most of the synthesized AuNPs have been successfully embedded on
the surface of the cellulose nanocrystals.

Wang et al. (2014) introduced amethod for the synthesis Ag3PO4/cellulose hydro-
gels nanocomposite by in-situ reductions and oxidations of Ag3PO4 nanoparticles
on cellulose matrix and this, when used for the mineralization of RhB dye, showed
50% degradation. The Ag3PO4 were dispersed homogeneously in the regenerated
cellulose hydrogels without having any agglomeration, with an average diameter of
Ag3PO4 particles from 3.1± 2.7 to 11± 4.5 nm and enhanced Ag ion concentration.
The SEM images of the Ag3PO4/cellulose composite hydrogels displayed incorpo-
ration of the Ag3PO4 nanoparticles on the cellulose matrix and were packed into
the cavities of the cellulose hydrogels that emphasized the formation of uniformly
distributed composite matrix. In order to improve the photo-mineralization (Zhou
et al. 2016), cellulose acetate was used as a support for Ag/AgCl composite. The CA
supported cubic Ag/AgCl catalyst exhibited high catalytic efficiency in the degrada-
tion of Methyl Orange (MO) in visible light. As per the authors’ findings, the local
surface plasmon resonance (LSPR) of silver nanoparticles can improve the local
internal electromagnetic field and caused enhanced photocatalytic degradation. At
the same time, Ag@AgCl structure has high stability, which can maintain the degra-
dation efficiency of 73% after three cycles (Zhou et al. 2016). The XPS and XRD
analysis emphasized that the samples in-situ developed on electrospun CA fibers
were Ag@AgCl, of which silver existed as the metallic state.

Zhang et al. (2018) prepared theAg@AgCl/PVP/cellulose composite film through
one-step coagulation process. The PVP was added into the cellulose solution in
order to regulate the structure and size of Ag@AgCl in the cellulose matrix. The
synthesized composite was used to investigate theMOdye degradation and exhibited
more than 90% mineralization. The PVP was used as the stabilizing agent of AgCl,
which could adsorb the {100} facet ofAgCl and inhibit its growth (Zhang et al. 2018).
PVPwas also able to decrease the size of Ag@AgCl, to improve the specific area, and
made them partly embedded in cellulosematrix to enhance the stability of Ag@AgCl
on the surface of cellulose film which will enhance the photo-mineralization.

Gopiraman et al. (2019) reported the first composite of bimetallic Ag–Au cellu-
lose nanofiber (Ag@Au/CNCs) fabricated through a very simple green prepara-
tion process and used not for photocatalytic but catalytic degradation of organic
compounds. An aqueous leaf extract of Moringa oleifera was used to gain the
bimetallic Ag@Au/CNC nanocomposite. The formed bimetallic Ag@Au/CNC
catalyst performed remarkably well in the reduction of nitrophenols catalytically.
The Ag@Au/CNC catalyst proved to have about a onefold catalytic improvement
compared with the Ag/CNCs and Au/CNCs. The Ag@Au/CNC catalyst could be
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reused in the aza-Michael reaction at least for ten cycles without a loss of its catalytic
activity.

9.4.2.4 g-C3N4 Based Cellulose Composites

For visible-light photodegradation, graphitic carbon nitride (g-C3N4) is particularly
attractive because of its visible-light response and excellent chemical stability (Wang
et al. 2009;Yan et al. 2010).Even though g-C3N4 has been reported forCO2 reduction
(Mao et al. 2013), photocatalytic water splitting (Wang et al. 2009), and organic
contaminants degradation (Yan et al. 2010), its fast recombination of photogenerated
electronsweakens its photocatalytic efficiency. In recent times, researchers found that
exfoliating bulk g-C3N4 into ultra-thin two-dimensional (2D) g-C3N4 nanosheet is an
effective strategy to enhance its photocatalytic ability by improving the mobility and
density of the photogenerated charges (Xu et al. 2013). However, the photocatalytic
efficiency remains far from satisfaction onmodifyingmembrane for water treatment.
To overcome this complexity, doping of nanoparticles with renewable biological
macromolecules such as cellulose, chitin, and chitosan has been much employed.

Zhao et al. (2016) synthesized a graphitic carbon nitride nanosheet/reduced
graphene oxide/cellulose acetate composite photocatalytic membrane (g-C3N4

NS/RGO/CA) by assembling a g-C3N4 NS/RGO photocatalyst on the surface of
commercial CA membrane. Owing to the attractive photocatalytic efficiency of
g-C3N4 NS under visible-light irradiation and photogenerated charge separation
resulting in the formation of the unique heterostructure between g-C3N4 NS and
RGO, g-C3N4 NS/RGO/CA. The prepared matrix was used for the degradation of
Rhodamine B (RhB) with the initial dye concentration of 10 mg L−1, and 5 mg
of photocatalyst was employed in the photodegradation process. The band gap of
g-C3N4 NS was found to be 2.9 eV, indicating that the composite was a potential
material in the visible-light irradiation.

Wang et al. (2020) prepared sulfuric acid treated graphitic carbon nitride (SA-g-
C3N4) embedded within a porous cellulose network (denoted here as CN/CA films).
The SA-g-C3N4 content in the films were varied from 0 to 50 wt. %. The H2SO4

treatment brings in sulfonyl and carboxyl groups on the surface of g-C3N4, results in
stable hydrogen bonding interactions with the hydroxyl groups of cellulose acetate.
The composite used to degrade the Rhodamine B (RhB), Crystal Violet (CV),Methy-
lene Blue (MB), and Malachite Green (MG) dyes solutions showed reasonable dye
degradation capacity. More importantly, the CN/CA composites exhibited recycla-
bility and exceptional stability during the photocatalysts process, with no loss in
activity even after five test cycles. Results encourage the broader development of
porous composite films for photocatalytic applications. The composite also shows
some exceptional ability to reduce Cr (VI), achieving a reduction efficiency of 95%
for Cr (VI) (5 mg/L) in 100 min.



9 Technological Advancement in Photocatalytic Degradation … 245

9.4.2.5 Bismuth-Based Cellulose Composites

Semiconductor photocatalysts are the most widely accepted options in the environ-
mental purification system and that have often been researched due to their excellent
performance in the degradation of organic pollutants, decomposition of water to
produce hydrogen, and other processes (Chen et al. 2019; Li et al. 2017). Several
metal oxide semiconductor such as TiO2 (Fujishima et al. 2000), ZnO (Fujishima
et al. 2000), Cu2O, (Mateo et al. 2017), and Bi2O3 (Bian et al. 2008) were reported
so far, but their activity has been limited in the ultraviolet light (UV). However,
bismuth-based catalysts, especially bismuth oxyhalides (BiOX, X = F, Cl, Br, I),
have got more attention due to their outstanding properties such as low toxicity, low
cost, and reusability (Wu et al. 2016; Zhang et al. 2017b).More prominently, the suit-
able band gap, unique lamellar structure, and excellent fluorescence characteristics
facilitated BiOX into a series of electro-optical and photoelectric, and photocatalytic
properties, which can degrade organic pollutants in water under ultraviolet (UV) or
visible-light irradiation (Wang et al. 2018a, b). Cellulose is an important biomaterial
that comprised of macromolecule polysaccharide with high quantity of glucose and
hydroxyl groups. The hydroxyl groups in cellulose can efficiently interact with metal
cations. Therefore, metal oxides can be easily distributed uniformly on the surface of
cellulose (Zhao et al. 2017). These binding properties of the cellulose make in use for
the preparation of an organic–inorganic hybrid photocatalyst of bismuth compounds.

Zhou et al. (2019b) synthesized microcrystalline cellulose (MCC)-BiOBr
composite through one-step in-situwet-chemicalmethod. In this preparation process,
MCC acted as a matrix to provide template and support. Due to the reaction with
cellulose hydroxyl group, the nanosheets of BiOBr grow into flower-like as shown
by the ruling morphology. According to BJH adsorption study, the average pore
diameter of the prepared photocatalyst was 43.72 nm, which suggests that the MCC
can successfully afford support for the BiOBr nanosheets. The 20 mg of the prepared
composite was dispersed into 100 mL of 30 mg/L Rhodamine B (RhB) dye solution
and irradiated with a wavelength of 552 nm. The photocatalyst mineralized more
than 90% of RhB in the aqueous solution within 70 min.

Tian et al. (2019) fabricated a high-performance flower-like BiOCl (BOC) nano-
material on sustainable cellulose nanofibrils (CNFs) as regulator via a facile one-pot
hydrothermal method. The flower-like morphology of CNFs doped BiOCl (CBOC)
formed was depicted in Fig. 9.13.

The size of the particle was reduced during nanoparticle formation. Due to the
reduced size, the enhanced photosensitization and photocatalysis were observed
during the degradation of Rhodamine B (RhB). They were degraded by CBOC-5
(5% of CNFs) within 16 min upon visible-light irradiation. The schematic illustra-
tion of the dye degradation process was shown in Fig. 9.14. The radical oxygen ion
and holes were very active during the RhB and CBOC-5 showed excellent stability
after five times repeated use.

Tavker et al. (2020) fabricated cellulose/BiVO4 nanocomposite by varying the
amount of extracted cellulose and checked for the degradation of Methyl Orange
dye under visible light (Tungsten 200 W) give 87% photodegradation efficiency.
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Fig. 9.13 Schematic illustration of the preparation of CNFs (a) and flower-like BOC (b) (Tian et al.
2019). Source Tian et al. (2019) Reproduced with permission from Copyright © 2019 Elsevier Ltd

Fig. 9.14 Schematic illustration for the photocatalytic degradation of Rhodamine B (Tian et al.
2019). Source Tian et al. (2019) Reproduced with permission from Copyright © 2019 Elsevier Ltd

Even after five repetitive runs, it shows a photodegrading efficiency of 68%. The
photocatalytic results accentuated that cellulose employed as a scaffold and thereby
developed an interface with BiVO4 that will reduce the recombination time of the
electron–hole, which will enhance efficiency in photodegradation of the catalyst.
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9.5 Future Perspective

This paper critically investigated the various types of metallic compound-imprinted
chitosan and cellulose composites and their photocatalytic efficiency in degrading
different dyemolecules. The exceptional physical and chemical applicability of these
biopolymers encouraged the researchers to develop advanced water purification
technologies. It has also been recognized that the imprinting of various semicon-
ductors like TiO2, ZnO, CdS, BiOX, AgI, g-C3N4, etc., with chitosan, cellulose,
and synthetic polymers composites will enhance the photocatalytic ability of the
composite due to the increased specific surface area and the improved pore struc-
tures. Moreover, apparent hydrophilicity, optical transparency, adsorption, mechan-
ical properties, and thermal stability also were attained in most cases. These studies
will provide thoughtful insight into the basics of semiconductor/biopolymer compos-
ites photocatalyst, which still demands deep study on improving the stability of the
photocatalysts.

The semiconductor-blended biopolymers were utilized for the photodegradation
of a variety of organic pollutants due to their synergetic effect since the doping
improves the adsorption capacity of the biopolymer and at the same time suppresses
the recombination of photogenerated electrons and holes. It is possible to enhance
these two effects by further imprinting these biopolymers with other suitable diverse
non-metallic nanostructure materials and also by modifying the catalytic surface.

Some of the semiconductors used here are toxic, In this regard; their use is
restricted only in the mineralization of the noxious pollutants, and their disposal
causes a further hazard. Therefore, it has been recommended that future researches
in this area should focus on developing sustainable materials and promoting the
development of robust, smart, and cost-effective composites for possible application
in medicinal field and commercialization.

There are some ambiguous reports against the photostability of the biopolymer
composites and needs thorough examination toward the photostability of the
biopolymer composites. Besides, the large scale use of these biopolymers composites
with high photostability, high photocatalytic efficiency, and cost-effective produc-
tion, is most wanted and demanding as well. Hence, this matter would seek the
attention of the researchers to ensure its future commercialization.

9.6 Conclusion

This paper decisively overviewed the present scenario of biopolymer-based semi-
conductors with substantial prospective to be utilized as a potential photocatalyst
in the field of the ecological purification process, particularly for water detoxifi-
cation. The disadvantage of bare metallic, non-metallic composites and nanopar-
ticles including their low absorption capacity of the photon in the visible region,
small quantum yield, speedy recombination of electron and hole, poor stability, etc.,
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were surpassed by imprinting the metallic semiconductors with the biopolymeric
materials. Diverse approaches have been invented to enhance the photocatalytic
ability of the metals such as coupling, doping, surface sensitization, etc., with the
biopolymer materials, which helped synergistically to improve the electrical conduc-
tivity, photostability, and photocatalytic activity. The literature discussed in this study
suggested that biopolymers like chitosan, cellulose, and their composites, containing
binary, ternary, and complex metal oxides, sulfides, halides, etc., exhibited enhanced
photodegradation of organic dyes under visible-light irradiations. Thus, along with
other applications, chitosan and cellulose,macro and nanocomposites come into view
as promising candidates for water detoxification and purification. This paper can be
an input to understand the basics of photocatalytic and detoxification properties of
biopolymer incorporated metal oxides, sulfides, halides, etc., for water treatment.
However, considerable progress in the field of photocatalytic disinfection by metal
biopolymer composites has not been achieved yet at large scale for environmental
application. Thus, extensive possibilities exist in the area of research to expand the
perspective of biopolymer composite as photocatalytic material.

References

Aboamera NM, Mohamed A, Salama A, Khattab A (2019) Characterization and mechanical prop-
erties of electrospun cellulose acetate/graphene oxide composite nanofibers. Mech Adv Mater
Struct 26(9):765–769. https://doi.org/10.1080/15376494.2017.1410914

Alle M, Lee SH, Kim JC (2020) Ultrafast synthesis of gold nanoparticles on cellulose nanocrys-
tals via microwave irradiation and their dyes-degradation catalytic activity. J Mater Sci Technol
41:168–177. https://doi.org/10.1016/j.jmst.2019.11.003

Alzahrani E (2018) Chitosan membrane embedded with ZnO/CuO nanocomposites for the
photodegradation of fast green dye under artificial and solar irradiation. Anal Chem Insights
13:1–13. https://doi.org/10.1177/1177390118763361

An C, Ming X, Wang J, Wang S (2012) Construction of magnetic visible-light-driven plasmonic
Fe3O4@SiO2@AgCl: Ag nanophotocatalyst. J Mater Chem 22(11):5171–5176. https://doi.org/
10.1039/c2jm16622d

Ashori A, Cordeiro N, Faria M, Hamzeh Y (2013) Effect of chitosan and cationic starch on the
surface chemistry properties of bagasse paper. Int J Biol Macromol 58:343–348. https://doi.org/
10.1016/j.ijbiomac.2013.04.056

Azetsu A, Koga H, Isogai A, Kitaoka T (2011) Synthesis and catalytic features of hybrid metal
nanoparticles supported on cellulose nanofibers. Catalysts 1(1):83–96. https://doi.org/10.3390/
catal1010083

Aziz A, Ali N, KhanA, BilalM,Malik S, Ali N, KhanH (2020) Chitosan-zinc sulfide nanoparticles,
characterization and their photocatalytic degradation efficiency for azo dyes. Int J Biol Macromol
153:502–512. https://doi.org/10.1016/j.ijbiomac.2020.02.310

BahalM,KaurN,SharotriNSudD (2019) Investigations on amphoteric chitosan/TiO2 bionanocom-
posites for application in visible light induced photocatalytic degradation. Adv Polym Technol
2019:1–9. https://doi.org/10.1155/2019/2345631

Barry TI, Stone FS (1960) The reactions of oxygen at dark and irradiated zinc oxide surfaces. In:
Proceedings of the Royal Society of London. Series A. Mat Phys Sci 255(1280):124–144. https://
doi.org/10.1098/rspa.1960.0058

https://doi.org/10.1080/15376494.2017.1410914
https://doi.org/10.1016/j.jmst.2019.11.003
https://doi.org/10.1177/1177390118763361
https://doi.org/10.1039/c2jm16622d
https://doi.org/10.1016/j.ijbiomac.2013.04.056
https://doi.org/10.3390/catal1010083
https://doi.org/10.1016/j.ijbiomac.2020.02.310
https://doi.org/10.1155/2019/2345631
https://doi.org/10.1098/rspa.1960.0058


9 Technological Advancement in Photocatalytic Degradation … 249

Bian Z, Zhu J, Wang S, Cao Y, Qian X, Li H (2008) Self-assembly of active Bi2O3/TiO2 visible
photocatalyst with ordered mesoporous structure and highly crystallized anatase. J Phys Chem
C 112(16):6258–6262. https://doi.org/10.1021/jp800324t

Bickley RI, Stone FS (1973) Photoadsorption and photocatalysis at rutile surfaces: I. Photoadsorp-
tion of oxygen. J Catal 31(3):389–397. https://doi.org/10.1016/0021-9517(73)90310-2

Cao C, Xiao L, Liu L, Zhu H, Chen C, Gao L (2013) Visible-light photocatalytic decolorization of
reactive brilliant red X-3B on Cu2O/crosslinked-chitosan nanocomposites prepared via one step
process. Appl Surf Sci 271:105–112. https://doi.org/10.1016/j.apsusc.2013.01.135

Chang CC, Chang CH (2010) Preparation and characterization of polyurethane-gold nanocompos-
ites prepared using encapsulated gold nanoparticles. Polym Int 59(7):910–916. https://doi.org/
10.1002/pi.2805

Chen C, Ma W, Zhao J (2010) Semiconductor-mediated photodegradation of pollutants under
visible-light irradiation. Chem Soc Rev 39(11):4206–4219. https://doi.org/10.1039/b921692h

Chen F, Huang H, Guo L, Zhang Y, Ma T (2019) The role of polarization in photocatalysis. Angew
Chem 131(30):10164–10176. https://doi.org/10.1002/ange.201901361

Dette C, Pérez-Osorio MA, Kley CS, Punke P, Patrick CE, Jacobson P, Giustino F, Jung SJ, Kern K
(2014) TiO2 anatase with a bandgap in the visible region. Nano Lett 14(11):6533–6538. https://
doi.org/10.1021/nl503131s

Dhanya A, Aparna K (2016) Synthesis and evaluation of TiO2/chitosan based hydrogel for the
adsorptional photocatalytic degradationofAzo andAnthraquinonedyeunderUV light irradiation.
Proc Technol 24:611–618. https://doi.org/10.1016/j.protcy.2016.05.141

Fan J, Yu D, Wang W, Liu B (2019) The self-assembly and formation mechanism of regenerated
cellulose films for photocatalytic degradation of C.I. Reactive Blue 19. Cellulose 26(6): 3955–
3972. https://doi.org/10.1007/s10570-019-02350-y

Farzana MH, Meenakshi S (2015) Exploitation of zinc oxide impregnated chitosan beads for the
photocatalytic decolorization of an azo dye. Int J Biol Macromol 72:900–910. https://doi.org/10.
1016/j.ijbiomac.2014.09.038

Fujishima A, Rao TN, Tryk DA (2000) Titanium dioxide photocatalysis. J Photochem Photobiol C
1:1–21. https://doi.org/10.1016/S1389-5567(00)00002-2

Gao ST, Liu WH, Shang NZ, Feng C, Wu QH, Wang Z, Wang C (2014) Integration of a plasmonic
semiconductor with ametal-organic framework: a case ofAg/AgCl@ZIF-8with enhanced visible
light photocatalytic activity. RSCAdv 4(106):61736–61742. https://doi.org/10.1039/c4ra11364k

Gopiraman M, Saravanamoorthy S, Baskar R, Ilangovan A, Ill-Min C (2019) Green synthesis
of Ag@Au bimetallic regenerated cellulose nanofibers for catalytic applications. New J Chem
43(43):17090–17103. https://doi.org/10.1039/c9nj04428k

Gupta VK, Saleh TA (2013) Sorption of pollutants by porous carbon, carbon nanotubes and
fullerene—An overview. Environ Sci Pollut Res 20(5):2828–2843. https://doi.org/10.1007/s11
356-013-1524-1

Han F, Kambala VSR, Srinivasan M, Rajarathnam D, Naidu R (2009) Tailored titanium dioxide
photocatalysts for the degradation of organic dyes in wastewater treatment: a review. Appl Catal
A 359(1–2):25–40. https://doi.org/10.1016/j.apcata.2009.02.043

He L, Tong Z, Wang Z, Chen M, Huang N, Zhang W (2018) Effects of calcination temperature and
heating rate on the photocatalytic properties of ZnO prepared by pyrolysis. J Colloid Interface
Sci 509:448–456. https://doi.org/10.1016/j.jcis.2017.09.021

Huang R, Liu Q, Zhang L, Yang B (2015) Utilization of cross-linked chitosan/bentonite composite
in the removal ofmethyl orange from aqueous solution.Water Sci Technol 71(2):174–182. https://
doi.org/10.2166/wst.2014.478

Jayalakshmi A, Kim IC, Kwon YN (2015) Cellulose acetate graft-(glycidylmethacrylate-g-PEG)
for modification of AMC ultrafiltration membranes to mitigate organic fouling. RSC Adv
5(60):48290–48300. https://doi.org/10.1039/c5ra03499j

Jeevanantham V, Hemalatha KV, Satheeskumar S (2018) Photodegradation activity of pure, PVP
capped and chitosan capped ZnO nanoparticles against Azo red dye under UV irradiation. J
Ovonic Res 14(4):269–275

https://doi.org/10.1021/jp800324t
https://doi.org/10.1016/0021-9517(73)90310-2
https://doi.org/10.1016/j.apsusc.2013.01.135
https://doi.org/10.1002/pi.2805
https://doi.org/10.1039/b921692h
https://doi.org/10.1002/ange.201901361
https://doi.org/10.1021/nl503131s
https://doi.org/10.1016/j.protcy.2016.05.141
https://doi.org/10.1007/s10570-019-02350-y
https://doi.org/10.1016/j.ijbiomac.2014.09.038
https://doi.org/10.1016/S1389-5567(00)00002-2
https://doi.org/10.1039/c4ra11364k
https://doi.org/10.1039/c9nj04428k
https://doi.org/10.1007/s11356-013-1524-1
https://doi.org/10.1016/j.apcata.2009.02.043
https://doi.org/10.1016/j.jcis.2017.09.021
https://doi.org/10.2166/wst.2014.478
https://doi.org/10.1039/c5ra03499j


250 P. Sirajudheen et al.

Jiang Y, Lawan I, Zhou W, Zhang M, Fernando GF, Wang L, Yuan Z (2020) Synthesis, properties
and photocatalytic activity of a semiconductor/cellulose composite for dye degradation-a review.
Cellulose 27(2):595–609. https://doi.org/10.1007/s10570-019-02851-w

Khan A, Shah SJ, Mehmood K, Awais NA, Khan H (2019) Synthesis of potent chitosan beads
a suitable alternative for textile dye reduction in sunlight. J Mater Sci Mater Electron 30(1):
406–414. https://doi.org/10.1007/s10854-018-0305-5

Kim K, Ingole PG, Yun S, Choi W, Kim J, Lee H (2015) Water vapor removal using CA/PEG
blendingmaterials coated hollow fiber membrane. J ChemTechnol Biotechnol 90(6):1117–1123.
https://doi.org/10.1002/jctb.4421

KudoA,OmoriK,KatoH (1999)Anovel aqueous process for preparation of crystal form-controlled
and highly crystalline BiVO4 powder from layered vanadates at room temperature and its photo-
catalytic and photophysical properties. J Am Chem Soc 121(49):11459–11467. https://doi.org/
10.1021/ja992541y

Kumar DP, Hong S, Reddy DA, Kim TK (2016) Noble metal-free ultrathin MoS2 nanosheet-
decorated CdS nanorods as an efficient photocatalyst for spectacular hydrogen evolution under
solar light irradiation. J Mater Chem A 4(47):18551–18558. https://doi.org/10.1039/c6ta08628d

Kuo WS, Ho PH (2006) Solar photocatalytic decolorization of dyes in solution with TiO2 film.
Dyes Pigm 71(3):212–217. https://doi.org/10.1016/j.dyepig.2005.07.003

Li FB, Li XZ, Hou MF (2004) Photocatalytic degradation of 2-mercaptobenzothiazole in aqueous
La3+-TiO2 suspension for odor control. Appl Catal B 48(3):185–194. https://doi.org/10.1016/j.
apcatb.2003.10.003

Li G, Nandgaonkar AG, Wang Q, Zhang J, Krause WE, Wei Q, Lucia LA (2017b) Laccase-
immobilized bacterial cellulose/TiO2 functionalized compositemembranes: evaluation for photo-
and bio-catalytic dye degradation. J Membr Sci 525:89–98. https://doi.org/10.1016/j.memsci.
2016.10.033

Li S,HaoX,DaiX, TaoT (2018)Rapid photocatalytic degradation of pollutant fromwater underUV
and sunlight via cellulose nanofiber aerogel wrapped by TiO2. J Nanomater 2018:1-12. https://
doi.org/10.1155/2018/8752015

Li W, Zou Y, Geng X, Xiao F, An G, Wang D (2017a) Constructing highly catalytic oxidation
over BiOBr-based hierarchical microspheres: importance of redox potential of doped cations.
Molecular Catal 438:19–29. https://doi.org/10.1016/j.mcat.2017.05.017

Liang H, Hu X (2016) A quick review of the applications of nano crystalline cellulose in wastewater
treatment. J Bioresources Bioproducts 2016(4): 199–204. http://dx.doi.org/10.21967/jbb.v1i4.65

Liang S, Xiao K,MoY, Huang X (2012) A novel ZnO nanoparticle blended polyvinylidene fluoride
membrane for anti-irreversible fouling. J Membr Sci 394–395:184–192. https://doi.org/10.1016/
j.memsci.2011.12.040

Lightcap IV, Kosel TH, Kamat PV (2010) Anchoring semiconductor and metal nanoparticles on a
two-dimensional catalyst mat. storing and shuttling electrons with reduced graphene oxide. Nano
Letters 10(2): 577–583. https://doi.org/10.1021/nl9035109

Lim WY, Wu H, Lim YF, Ho GW (2018) Facilitating the charge transfer of ZnMoS4/CuS p-n
heterojunctions through ZnO intercalation for efficient photocatalytic hydrogen generation. J
Mater Chem A 6(24):11416–11423. https://doi.org/10.1039/c8ta02763c

Linda T, Muthupoongodi S, Shajan XS, Balakumar S (2016a) Fabrication and characterization of
chitosan templated CdO/NiO nano composite for dye degradation. Optik 127(20):8287–8293.
https://doi.org/10.1016/j.ijleo.2016.06.025

Linda T, Muthupoongodi S, Sahaya Shajan X, Balakumar S (2016b) Photocatalytic degradation of
congo red and crystal violet dyes on cellulose/PVC/ZnO composites under UV light irradiation.
Mater Today Proc 3(6):2035–2041. https://doi.org/10.1016/j.matpr.2016.04.106

Linsebigler AL, Lu G, Yates JT (1995) Photocatalysis on TiO2 surfaces: principles, mechanisms,
and selected results. Chem Rev 95(3):735–758. https://doi.org/10.1021/cr00035a013

Ma X, Zhang B, Cong Q, He X, Gao M, Li G (2016) Organic/inorganic nanocomposites of
ZnO/CuO/chitosan with improved properties. Mater Chem Phys 178:88–97. https://doi.org/10.
1016/j.matchemphys.2016.04.074

https://doi.org/10.1007/s10570-019-02851-w
https://doi.org/10.1007/s10854-018-0305-5
https://doi.org/10.1002/jctb.4421
https://doi.org/10.1021/ja992541y
https://doi.org/10.1039/c6ta08628d
https://doi.org/10.1016/j.dyepig.2005.07.003
https://doi.org/10.1016/j.apcatb.2003.10.003
https://doi.org/10.1016/j.memsci.2016.10.033
https://doi.org/10.1155/2018/8752015
https://doi.org/10.1016/j.mcat.2017.05.017
http://dx.doi.org/10.21967/jbb.v1i4.65
https://doi.org/10.1016/j.memsci.2011.12.040
https://doi.org/10.1021/nl9035109
https://doi.org/10.1039/c8ta02763c
https://doi.org/10.1016/j.ijleo.2016.06.025
https://doi.org/10.1016/j.matpr.2016.04.106
https://doi.org/10.1021/cr00035a013
https://doi.org/10.1016/j.matchemphys.2016.04.074


9 Technological Advancement in Photocatalytic Degradation … 251

Madhusudhan A, Reddy GB, Krishana IM (2019) Green synthesis of gold nanoparticles by
using natural gums. Nanomaterials Plant Potential 111–134.https://doi.org/10.1007/978-3-030-
05569-1_4

Mao J, Peng T, Zhang X, Li K, Ye L, Zan L (2013) Effect of graphitic carbon nitride microstructures
on the activity and selectivity of photocatalytic CO2 reduction under visible light. Catal Sci
Technol 3(5):1253–1260. https://doi.org/10.1039/c3cy20822b

Mateo D, Esteve-Adell I, Albero J, Primo A, García H (2017) Oriented 2.0.0 Cu2O nanoplatelets
supported on few-layers graphene as efficient visible light photocatalyst for overall water splitting.
Appl Catal B 201:582–590. https://doi.org/10.1016/j.apcatb.2016.08.033

Meenakshi S, FarzanaM (2013) Synergistic effect of Chitosan and Titanium dioxide on the removal
of toxic dyes by photodegradation technique. Industrial Eng Chem Res 53: 55–63. http://pubs.
acs.org/doi/abs/10.1021/ie402347g

Melinte V, Stroea L, Chibac-Scutaru AL (2019) Polymer nanocomposites for photocatalytic
applications. Catalysts 9(12):986. https://doi.org/10.3390/catal9120986

Mittal A, Mittal J, Malviya A, Gupta VK (2010) Removal and recovery of Chrysoidine Y from
aqueous solutions by waste materials. J Colloid Interface Sci 344(2):497–507. https://doi.org/10.
1016/j.jcis.2010.01.007

Mohamed MA, Salleh WNW, Jaafar J, Ismail AF, Abd Mutalib M, Jamil SM (2015) Incorporation
of N-doped TiO2 nanorods in regenerated cellulose thin films fabricated from recycled newspaper
as a green portable photocatalyst. Carbohyd Polym 133:429–437. https://doi.org/10.1016/j.car
bpol.2015.07.057

Nasr C, Vinodgopal K, Fisher L, Hotchandani S, Chattopadhyay AK, Kamat PV (1996) Environ-
mental photochemistry on semiconductor surfaces. Visible light induced degradation of a textile
diazo dye, naphthol blue black, on TiO2 nanoparticles. J Phys Chem 100(20): 8436–8442. https://
doi.org/10.1021/jp953556v

Natarajan S, Bajaj HC, Tayade RJ (2018) Recent advances based on the synergetic effect of adsorp-
tion for removal of dyes from waste water using photocatalytic process. J Environ Sci (china)
65:201–222. https://doi.org/10.1016/j.jes.2017.03.011
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Chapter 10
Metal Organic Frameworks for Removal
of Heavy Metal Cations and Emerging
Organic Pollutants

Kamlesh Kumar, Simant Kumar Srivastav, and Swatantra P. Singh

Abstract The toxicity of wastewater generated from industrial plants is one of the
serious environmental issues.Thewastewater often contains toxic compounds such as
inorganic pollutants (e.g. oxyanions/cations and heavymetal ions) and organic pollu-
tants (e.g. organic dyes, phenols, biphenyls, pesticides, fertilizers, hydrocarbons,
plasticizers, detergents, oils, greases, pharmaceuticals, proteins, carbohydrates etc.)
which cause severe environmental and health problems. Many organic pollutants are
chemically stable and they are not very prone to biodegradable. Hence, their removal
from wastewater only by biological processes is challenging. Many physical, chem-
ical and biological techniques have been developed for wastewater treatment and
physical adsorption method has been considered the most effective. Thus materials
with adsorption properties have gained wide attention in the scientific community.
In recent years, metal–organic frameworks (MOFs) have been employed in tech-
nologies to bring an inspiring breakthrough for wastewater treatment. The MOF is
class of materials with the exceptionally high surface areas and larger porosity, easier
in pore structure designing, and structural modifications. This chapter aims to give
insight into the latest developments onto the use ofMOFs in the removal of inorganic
and emerging organic contaminants present in the wastewater.
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10.1 Introduction

Water pollution has become a serious environmental problem in the last few decades
due to the tremendous population growth and industrial revolution. Although, indus-
trial growths are necessary for the great benefits of human being, these have also
created a deep negative impact on the Earth’s ecosystem (Xu 2015). The first conse-
quences of this environmental pollution and misuse of natural resources are mostly
observed in the Earth’s water ecosystem. In present time, nearly half of the world’s
population is living in water stressed areas, and it is projected to become worse in
the following decades with the increase in global temperatures as a consequence of
global warming. Hence, providing clean and freshwater to every person is one of the
main goals of national mission.

In this context, developing cost-effective water remediation technologies are
currently in high demand. Many methods such as adsorption, oxidation–reduction,
membrane filtration and coagulation-flocculation have extensively been used for the
removal of toxic materials from contaminated water (Giusti 2009; Gupta et al. 2012).
Among all these methods, adsorption has long been used to remove contaminants
in the water treatment processes and varieties of materials such as zeolites, bio-
adsorbents, polymeric resins, activated carbon materials as well as mesoporous clay
materials have been utilized for this purpose (Blanchard et al. 1984; Bailey et al.
1999; Gupta and Saleh 2013; Malik et al. 2016). However, these materials have their
own set of limitations. Their synthesis and also modifications of pore size and pore
structures are difficult. To discover alternative pollutant adsorbents with precise pore
structures and exceptional capacity to adsorb pollutantswith high selectivity is always
on high demand. This is main parameter for further developments of highly efficient
water pollutant adsorbents. In this context, metal–organic frameworks (MOFs) have
been considered as one of the most effective porous materials employed in the tech-
nologies to purify polluted water (Okoro et al. 2018; Yuan et al. 2018; Mon et al.
2018; Li et al. 2019). Table 10.1 contains list of inorganic and organic pollutants
which are removed from wastewater using MOFs materials. MOFs are one of the
emerging classes of crystalline porous materials constructed by self-assembly of
bi/multi-dentate organic linkers which are held periodically with metal ions or clus-
ters through coordination bonds (Xiang et al. 2010; Yuan et al. 2018; Slater and
Cooper 2015). MOFs possess unique properties e.g. extremely high surface area,
easy structure modifications, tunable porosity, and controlled functionality. These
exceptional physical properties make them excellent platforms for potential appli-
cations in diverse fields such as gas storage and separation, heterogeneous catalysis,
sensing and photonics, biomedical sciences, etc. The growth of MOF chemistry is
a consequence of two noteworthy features of these materials (i) characterization of
MOFs by X-ray crystallography which has resulted extensive knowledge about the
structural characteristics including pore’s size and structures, and (ii) an intriguing
host–guest chemistry in different media tuned by a fine control over the size, shape
and functionality of MOF channels.
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Table 10.1 Inorganic and organic pollutants in wastewater can be removed using MOFs materials
(Mon et al. 2018)

Inorganic
Pollutants

Organic
Pollutants

Metal
Cations

Organic dyes

Lead Anionic

Cadmium Cationic

Mercury Industrial
products

Other Transition Metal ions Aromatic
compounds

Oxyanions
and cations

Aliphatic
compounds

Arsenic derivatives Oils

Chromium Agricultural
Products

Phosphate Fertilizers

Selenium derivatives Herbicides

Sulfate, perchlorates and nitrates Pesticides

Nuclear
wastes

Pharmaceuticals
and personal care
products

Uranium Antibiotics

Pertechnetate/perrhenate/permanganate Anti-inflammatory

Cesium(I) Make-up products

Thorium(IV)

In this chapter, the latest developments performed on the use of MOFs as adsor-
bents will be demonstrated. The chapter will start with a discussion on synthetic
and post-synthetic modification methods of MOFs followed by presenting various
studies on the removal of heavy metal cations and emerging organic pollutants from
contaminated water. In the end, conclusion and opinions on the future research in
this field will be addressed.

10.2 Synthesis of Metal–organic Frameworks

The studies have shown that the synthesis of MOFs as well as their functionalization
(i.e., post-synthetic modification) are an effective and useful tool for the modification
of their structure and also other physio-chemical properties. Therefore, their synthetic
processes have been an extremely attractive research topic over the last three decades
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and different syntheticmethods have been developed (Stock andBiswas 2012). Some
commonly used synthetic procedures include conventional heating (hydrothermal
and solvothermal synthesis), electrochemical synthesis, mechanochemical synthesis,
microwave assisted synthesis and sonochemical synthesis. The extensive studies
on synthetic protocols for MOFs gave better understanding of their mechanism of
formation and also gives idea of factors which affect morphology and properties.

10.2.1 Conventional Methods of MOFs Synthesis

The term conventional synthesis ofMOFs is generally applied to the reactions carried
out by conventional electric heating without any parallelization of reactions and two
different types of reactions such as solvothermal and non-solvothermal are classi-
fied in this category. Solvothermal synthesis usually refer to the reactions occurring
in closed containers in aqueous or non-aqueous environments under autogenous
pressure above the boiling point of the solvent whereas, non-solvothermal reactions
take place below or at the boiling point of the solvent under ambient pressure. The
solvothermal synthesis of MOFs is most common synthetic procedure and there are
many examples ofMOFswhich are synthesized through this process. Some examples
are HKUST-1 (HKUST= Hong Kong University of Science and Technology) (Min
Wang et al. 2002), MOF-5 (MOF = metal–organic framework) (Rosi et al. 2003),
MOF-74 (Rosi et al. 2005), ZIF-8 (ZIF= zeolitic imidazolate framework) (Park et al.
2006), MIL-53 (MIL=Material of Institute Lavoisier) (Serre et al. 2002), MIL-101
(Férey et al. 2005), UiO-66 (UiO = University of Oslo) (Cavka et al. 2008) and
PCN series (PCN= porous coordination network) (Zhao et al. 2008). The synthetic
parameters such as metal/ligand ratio, reaction medium, temperature etc. are not
only affect the formation of phase-pure materials but they also influence the crystal
morphology. Therefore, identifying an optimized synthetic condition for a specific
MOF is challenging task. High throughput methods for solvothermal synthesis have
also been demonstrated which present a systematic strategy to optimize the synthetic
conditions (Stock and Biswas 2012).

10.2.2 Alternative MOFs Synthetic Methods

The input of energy is required for any chemical reaction and therefore, synthesis
of MOFs is performed in a suitable solvent at temperatures ranging from room
temperature to ~250 °C. The required energy for such type of reaction is supplied by
conventional electric heating of reaction vessels in a hot oven. However, an alterna-
tively energy can also be generated by an electric potential, electromagnetic radiation,
ultrasound waves or mechanically. The energy source is closely related to the dura-
tion, pressure, and energy per molecule and also these parameters have pronounced
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effects on the product formation as well as crystal morphology. Therefore, mate-
rial synthesized by adopting alternative routes may have different particle sizes and
morphologies, consequently a change in material’s properties is observed.

10.2.2.1 Microwave-Assisted Synthesis

Microwave irradiation has been used to provide energy in the synthesis of a variety
of MOFs. Microwave-assisted synthesis is based on the interaction of electromag-
netic waves with mobile electric charges (e.g. polar solvent molecules or ions in the
solution) and therefore, this represents a very energy efficient method of heating.
The advantages of this method include fast synthesis, high phase purity of materials,
smaller crystal size as well as morphology control. This is due to the direct heating
of the solvents and the higher nucleation rate during the reaction.

The first example of microwave-assisted MOF synthesis is MIL-100(Cr). This
was synthesized with 44% yield in 4 h at 220 °C. This process is quick and result is
comparable to the conventional method which requires 4 days reaction time. Since
then, many metal(III) carboxylate-based MOFs (M = Fe, Al, Cr, V, Ce) have been
prepared by microwave-assisted synthesis method e.g. IRMOF-1, HKUST-1, Fe-
MIL-100, Ni-glutarates, [Co4O(BDPB)3] etc.

10.2.2.2 Mechanochemical Synthesis

Mechanical force is applied in the mechanochemical synthesis which induces the
breaking and formation of a chemical bond. The mechanochemical synthesis of
MOFs is of great economic and environmental interest due to its multiple reasons:
solvent free reaction, quantitative yield of product in short reaction time, use of metal
oxide in place of metal ions etc. Therefore, this route has become a recent research
hotspot as a green synthesis method. Cupper(II) containing MOF [Cu(INA)2]
(INA = isonicotinate ion) was first example to synthesized by using solvent-free
mechanochemical method. The grinding of Cu(OAc)2 and bridging organic ligand
(isonicotinic acid) for only 10 min resulted highly crystalline and single phase MOF
product with acetic acid and water molecule in the pores. It has been shown that just
grinding is necessary to initiate the reaction. Manganese-based MOF (Mn-MOFs)
has been prepared using the mechanochemical method in 10 min whereas, liquid
phase reaction took 24 h for same reaction.

10.2.2.3 Sonochemical Synthesis

Sonochemistry deals with the chemistry occurring upon application of high-energy
ultrasound to a reactionmixture. Theultrasonic environment creates cyclic alternative
areas of high and low pressures in the solvent which result into the formation of small
bubbles and cavities. The bubbles grow under the alternating pressure conditions
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through the diffusion of solute vapor into the volume of the bubble and ultrasonic
energy is accumulated.After reaching to amaximumsize bubbles collapse and energy
is released. This process of bubble formation, growth, and collapse is called cavitation
and it leads to the rapid release of energy with heating and cooling rates of >1010

Ks−1, temperature ~5000 K and pressure ~1000 bar. The primary reason for using
a sonochemical synthesis method is to achieve a fast, environmentally friendly, and
energy-efficient approach ofMOFs synthesis. The first sonochemicalMOF synthesis
was Zn-based MOFs e.g. Zn carboxylates, Zn3(BTC)2•12H2O (BTC = benzene-
1,3,5-tricarboxylate) in solution of 20% ethanol in water at room temperature and
atmospheric pressure in an ultrasonic bath (Qiu et al. 2008).

10.2.2.4 Electrochemical Synthesis

Electrochemical synthesis of MOFs has also been performed with aim to exclude
the anions (nitrate, perchlorate, or chloride) during the synthesis processes. In this
synthesis, themetal cations are continuously diffused through anode into the reaction
mediumwhere they reactwith dissolved organic linkers and formation ofMOFs takes
place. The electrochemical route is applied in the synthesis of Zn, Cu and Al-based
MOFs. Thismethod is beneficial for large-scale production ofMOFs and also suitable
for the formation of MOF films and patterned coating (Ameloot et al. 2009).

10.3 Stability of Metal-organic Frameworks in Water

The stability of MOFs in aqueous medium is one of the most important parameters
to determine their potential use in the wastewater treatment process. In the presence
of water, MOFs may undergo a decomposition process in which metal coordinated
linkers are replaced by H2Omolecules or OH− ions (Yuan et al. 2018). This indicates
the stability of MOFs can be enhanced fundamentally by increasing the strength of
the coordination bonds between metal ions and ligands. The Pearson’s HSAB theory
can be apply to predict and design the stable MOFs. According to the HSAB theory,
the interactions between hard Lewis acids and hard Lewis bases, or soft Lewis acids
and soft Lewis bases are much stronger than those between hard Lewis acids and
soft Lewis bases, or soft Lewis acids and hard Lewis bases. Thus, stable MOFs could
be constructed from carboxylate-based linkers (hard Lewis bases) and high-valent
metal ions (hard Lewis acids e.g. Ti4+, Zr4+, Hf4+, Ce4+, Fe3+, Cr3+ and Al3+), or
azolate-based ligands (soft Lewis bases) and low-valent transition metal ions i.e. soft
Lewis acids e.g. Zn2+, Cu2+, Co2+ and Mn2+ (Yuan et al. 2018).

Tetravalent metal ions (Ti4+, Zr4+, Hf4+ and Ce4+) with carboxylate ligands based
MOFs have attracted attention in recent years because of their high stability in
aqueous medium. The exceptional chemical stability of M4+–MOFs is attributed
to the (i) high charge and charge to radius ratio (Z/R) of these metal ions make
them hard acids and therefore, form stronger coordination bonds with relatively
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hard carboxylate ligands, (ii) M4+ metal ions require more ligands to balance their
charge, therefore their secondary building units (SBUs) tend to have a high connec-
tion number. As a result of this, the chance of attack by guest molecules (e.g. H2O)
is insignificant.

The trivalent metal ions (Fe3+, Al3+, and Cr3+) also form stable MOFs with
carboxylate ligands. TheMIL (Material Institut Lavoisier) seriesMOFs for example,
MIL-53, MIL-88, MIL-100, and MIL-101 contain [M3(μ3-O)(COO)6] or linear
[M(OH)(COO)2]n trivalent metal clusters. The chemical stability in water, acids,
and bases usually decreases in the order of Cr-MOF > Al-MOF > Fe-MOF with
decreasing inertness of the M–O bonds.

Another class of stableMOFs are synthesized from azolate ligands (e. g. pyrazole,
imidazole, triazole, and tetrazole) and softer Lewis acids (Zn2+, Co2+, Cu2+, and
Mn2+). The notable examples of this class are zeolitic imidazolate frameworks (ZIFs)
withM2+ metal ion and imidazolate ligandwhich exhibited exceptional chemical and
thermal stability. Their stability is attributed to the strong metal–imidazole bond and
M-Im-M bond angle of 145° that coincides with the Si-O-Si angle in zeolites.

The length of ligand and rigidity, connectivity, and hydrophobicity of the frame-
work also contribute to theMOFs stability. The length of the ligand can affect the rate
of its replacement by attacking species, and therefore, MOFs with shorter ligands
always show better stability compare to the ones containing longer organic linkers.
Furthermore, short and rigid ligands would bend to a larger angle in order to leave the
coordination and this would raise the activation energy of decomposition, thereby
improving the robustness of the MOF. The higher connectivity of ligands or metal
nodes also enhances the MOFs stability by increasing the rate of repair of struc-
tural defects. The inclusion of hydrophobic groups in the linker ligands increases
the water stability of MOFs as well. For example, the presence of methyl group on
the imidazole ligand in ZIF-8 assists in blocking water molecules from attacking the
ZnN4 unit (Park et al. 2006).

10.4 Modifications of Metal-organic Frameworks

MOFs can easily be modified by various chemical treatments without affecting the
porous and crystalline nature of the materials for e,g, ZIFs, MIL and UiO series
(Yuan et al. 2018). The specific modification is very advantageous to the removal
of targeted and specific pollutants as well as improving performance of MOFs in
water treatment. Incorporation of different functional groups in the MOFs which
may change the polarity and pore’s structures.

Conventional modifications involve pre-synthetic modification method, in which
the organic linkers are pre-functionalized with certain number of specific func-
tional groups and such functionalized organic linkers then used to prepare func-
tionalized MOFs. Functional groups such as –NH2, halides, –COOH and –SO3H are
often grafted onto the organic ligands in the pre-synthetic modification of MOFs.
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However, decomposition of less thermal stable functional groups is possible during
MOF synthesis through solvothermal route.

Anothermodification ofMOFmaterials called post-syntheticmodification (PSM)
is also used and this is performed after the preparation of MOFs (Cohen 2012).
The resulting structures generally have a similar topology but have different metal
unit or linker. Since, majority of MOFs are unstable in aqueous conditions, PSM
are particularly needed to improve their stability. Also, PSM is a useful method
in cases where direct synthesis of a MOF is not possible. Both metal ion and linker
exchanges are performed immersing pre-synthesizedMOF into the solution of modi-
fier. The optimal conditions are determined based on metal type and charge, as well
as organic linker type and connectivity. According to the breaking and formation of
chemical bonds, PSM is often divided into (i) covalent post-modification (ii) coordi-
nate covalent post-modification and (iii) post-synthesis protection and de-protection.
The covalent post-synthesis method has been used to incorporate many functional
groups into MOFs containing –OH, –NH2, azide and halogen functionalities. Coor-
dinate covalent post-modification usually modifies the unsaturated coordination site
of the metal in MOFs. After coordination covalent modification, the new coordina-
tion bonds between metal ion and modifier organic ligands are formed. The post-
synthesis protection and de-protection process involves use of protected functional
groupswhich is followed by their de-protection. This is a powerful tool to incorporate
reactive functional groups into MOFs to prevent the loss of catalytic performance of
MOFs.

10.5 Applications of Metal–organic Frameworks
in Pollutants Removal

10.5.1 Inorganic Contaminants

Various types of inorganic pollutants such as heavy metal ions, oxyanions/cations
and inorganic acids etc. are present in the wastewater. The removal of these pollu-
tants using MOFs as adsorbents is very active area of research in present time and
recent advances made in this area have provided useful information on the possible
mechanisms of adsorption as well as removal of some contaminants. Furthermore,
these studies have established that through specific modifications in the MOF struc-
tures, the adsorption performance can greatly be enhanced. We will discuss herein
the recent progress made for the removal of some heavy metal ions such as Pb2+,
Hg2+, As5+ and Cr6+ ions.

Cationic inorganic pollutants in industrial wastewater include heavy metals and
their oxidized products which are harmful to the environment and directly related to
the health of humans as well as other forms of life along the food chain. The exposure
of lead, cadmium, mercury, chromium and arsenic metal ions are main threats to
human health which have been regularly reviewed and monitored by international
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bodies such as theWorld Health Organization (WHO). These are very toxic and may
damage central nervous function, lungs, kidneys, liver, and bone and also increase
the risk of cancers. Recently, MOFs have been found to be promising adsorbents for
the removal of heavy metal ions from solution.

10.5.1.1 Removal of Pb2+ Metal Ions

Lead(II) (Pb2+) is recognized as one of the most toxic heavy metal ions present in
wastewater and affects almost all parts of the body. The relatively long biological half-
life (10 to 35 years) and its bio-accumulative nature makes its removal from aquatic
ecosystems a significant environmental objective. The ion exchange between metal
ions of the SBUs constituting the MOF and Pb2+ from solution has been proposed
as a potential way to clean contaminated water. Wang et al. have studied the ability
of six MOFs—MIL-53(Fe), MIL-101(Fe), UIO-66(Zr), IRMOF-3(Zn), MOF-5(Zn)
and ZIF-8(Zn) to adsorption Pb2+ metal ion (Wang et al. 2017) The Zn-based MOFs
exhibited the highest adsorption, particularly ZIF-8 adsorbs 449 mg g–1 at pH ~
6. This was attributed to the stronger binding ability of Pb than Zn and also less
stability of Zn-based MOFs in water. However, such process is not a best way to
solve environmental issues because introducing another metal ion into the water
ecosystem is not a promising idea.

The installation of sulfur-containing functionalities e.g. thiourea, isothiocyanate,
and isocyanate into UiO-66-NH2(Zr) through PSM does not change their structure
and thermal stability (Saleem et al. 2016). However, removal efficiency of Pb2+,
Cr3+, Cd2+ and Hg2+ metal ions fromwastewater has been enhanced with compare to
original MOF. The removal efficiency could reach 99% with maximum adsorption
of 49, 117, 232, and 769 mg g–1 for Cd2+, Cr3+, Pb2+ and Hg2+ respectively with
modified MOF UiO-66-NHC(S)NHMe.

AZn-basedMOF{[Zn3L3(BPE)1.5]·4.5DMF}n (L= 4,4’-azoxydibenzoate, BPE
= bis(4-pyridyl)ethylene) was recently synthesized (Yu et al. 2017). This MOF is
decoratedwithO– groups froman azoxy-type ligand and shows very highPb2+ uptake
capacity up to 616 mg g–1 and a high selectivity (>99%) even in the presence of
competing metal ions e.g. Mg2+ and Ca2+. The excellent removal capacity attributed
to the strong electrostatic interaction between the highly accessible O– groups and
Pb2+. Nanotube-like Tb-based MOFs also exhibit excellent adsorption capacity of
Pb2+ (547 mg g−1) (Zhu et al. 2019). The XPS spectral analysis revealed that the
innersphere complexation between nitrogen functional groups of Tb-MOFs and Pb2+

is the reason for the high adsorption efficiency.

10.5.1.2 Removal of Hg2+ Metal Ions

Contamination of mercury at ppb levels causes a severe environmental
and health problems. A Zn-based MOF; [Zn(hip)(L)(DMF)(H2O)] (hip
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= 5-hydroxyisophthalate and L = N4,N4’-di(pyridine-4-yl)biphenyl-4,4’-
dicarboxamide) functionalized with acylamide and hydroxy groups is synthesized
to remove Hg2+ at ppb level (Luo et al. 2015). It was demonstrated that this MOF
has 66.5% Hg2+ removal capacity from aqueous solution containing 2 ppb Hg2+

concentration and maximum uptake capacity of 278 mg g–1 from a solution of
Hg2+ with 20 ppm initial concentration. The interaction of free hydroxyl-groups
and acylamide groups with Hg2+ have resulted high removal efficiency. Cation
exchange processes have also been suggested for mercury removal. A water stable
anionic MOF (AMOF-1) with formula {[(NH2Me2)2][Zn3(L)2]·9H2O} (L = 5,5’-
(1,4-phenylenebis(methylene))bis(oxy)diisophthalic acid) is reported (Chakraborty
et al. 2016). Although, this MOF exhibited exchange of Me2NH2 cations by heavy
metal ions (Hg2+, Pb2+ and Cd2+), but shows low efficiency of adsorption as well as
poor selectivity with 98.7% Hg2+ removal efficiency from 20 mL solution (1 ppm
Hg2+ concentration) in 24 h (Fig. 10.1).

Mercury cations are soft Lewis acids, so another strategy to capture of mercury
species would be the installation of soft Lewis base into the MOFs. Xu and co-
workers incorporated−SCH3 groups into theMOFs structure for the removal ofHg2+

cations. The thiol functionalized Cu-BTC (BTC = benzene-1,3,5-tricarboxylate)
exhibited Hg2+ adsorption efficiency of 714mg g−1 (Ke et al. 2011). This remarkably
high adsorption capacity is attributed to the binding of Hg2+ cations with the large
numbers of exposed thiol groups. However highest adsorption capacity of 900mg g–1

have been achieved in aqueous medium using a 3D bio-MOF (Mon et al. 2016) but
shows slow adsorption kinetics and more than 3 h is required to reach equilibrium.
Another sulfur-functionalized MOF FJI-H12 has proven to be excellent adsorbents
for mercury species with relative satisfactory adsorption efficiency of 439.8 mg g−1,
and short equilibrium time (<50 min) but highly selective for Hg2+ over Mn2+, Ba2+,
Ni2+, and Cd2+ (Liang et al. 2016). Other important characteristics of FJI-H12 are

Fig. 10.1 Me2NH2
+ cations exchange with Hg2+, Pb2+, Cu2+ or Cd2+ using AMOF-1. Adopted

and modified from (Chakraborty et al. 2016)
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the easy and cheaper synthesis as well as recycling (1 day immersion of FJI-H12-
Hg in the KSCN solution at ambient temperature). All these features makes FJI-H12
excellent Hg2+ adsorbent for the practical applications. This study also demonstrated
that continuous and fast removal of Hg2+ using a columnwhich implies its usefulness
in wastewater treatment.

10.5.1.3 Removal of As3+/As5+ Metal Ions

The acute toxicity and carcinogenic nature of arsenic compounds have triggered
intensive studies for the removal of this pollutant from contaminated water bodies.
According to WHO 10 ppb as the maximum amount of arsenic compounds in safe
drinking water. However, current technologies face some difficulties to achieve
this level. In this regard, MOF materials have shown high performance towards
arsenic compound removal. Arsenic is generally present as arsenite (HxAsO3

3−x)
and arsenate (HxAsO4

3−x) in the water ecosystems.
A remarkable arsenate adsorption capacity of UiO-66(Zr) in a wide range of

pH (1–10) with maximum arsenate uptake capacity of 303 mg g–1 at pH = 2 has
been reported (Wang et al. 2015). This excellent performance was even maintained
in the presence of competing anions e.g. chloride, nitrate, carbonate and sulfates.
This value is much higher than those of commercial adsorbents, but at pH = 7 this
value is drastically decreases to 147 mg g–1. Spectroscopic studies have indicated
the excellent As5+ removal capacity of this MOF was related to hydroxyl and 1,4-
benzenedicarboxylic acid (BDC) ligand exchangeprocesses that lead to the formation
of arsenic complexes on the Zr6 SBUs.

The MIL series MOFs are also effective absorbents to remove arsenic ions.
MIL-100(Fe) removes arsenic (As5+) from wastewater with sixfold higher capacity
compared to commercial iron oxide powders (50 nm Fe2O3 nanoparticle) (Zhu et al.
2012). A study has indicated arsenic ions are absorbed onto the interior of the MOF
instead of on the outer surface and formation of Fe−O−As bonds resulted high As5+

adsorption. A core-shell and mesoporous CoFe2O4@MIL-100(Fe) hybrid magnetic
nanoparticles (MNPs) show best performance for adsorptive removal of As3+ and
As5+ and maximum adsorption capacities are 143.6 and 114.8 mg g−1 for As3+ and
As5+ ions, respectively (Yang and Yin 2017).

This material also exhibits rapid adsorption as 0.1 mg L−1 arsenic ions could be
adsorbed in 2 min. Furthermore, this hybrid material works over a wide range of
pH 4−10 and could selectively capture arsenic ions over various oxyanions. The
formation of Fe−O−As inner-sphere complex has been proposed on the surface of
MOF through hydroxyl substitution. Figure 10.2 represents the adsorption of arsenic
species on CoFe2O4@MIL-100(Fe) and formation of multilayer structures through
hydrogen bonding.

Similar composite material Fe3O4-ZIF-8 has also been reported for the removal
of As3+ from polluted water with satisfactory adsorption with maximum capacity
of 100 mg g–1 (Huo et al. 2018). The adsorption in this material is attributed to the
strong surface–complex interactions. Study has indicated that As3+ removal with this
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Fig. 10.2 Schematic representation of arsenic ions adsorption. i Indicates substitution of −OH
groups on CoFe2O4@MIL-100(Fe) by the deprotonated arsenic species; ii indicates adsorption of
H3AsO3 through hydrogen bonding to form a multilayer structure for the high adsorption capacity
of As3+ species. Adopted from (Yang and Yin 2017)

composite material is hindered by the presence of carbonate and phosphate anions
but the presence of sulphate, chloride and nitrate do not affect adsorption efficiency.
Additionally, the usefulness of this composite material arsenic is the easy separation
by using external magnetic field after finishing the water treatment process.

10.5.1.4 Removal of Cr6+ Metal Ions

Water bodies contaminated with Cr6+ shows a severe human health threat due to
its teratogenicity, toxicity and mutagenicity. The conventional methods for Cr6+

removal technologies suffer from poor adsorption uptake and low selectivity. The
Cr6+ metal ion could exist in different forms—HCrO4

–, CrO4
2– and Cr2O7

2– under
environmental conditions and formation of these species depend on the pH and
concentration.

The efficient adsorption of Cr6+ species over a wide pH range (2–9) and Cr6+

concentration (5–100 mg L–1), where HCrO4
– and CrO4

2– are the predominant
species has been achieved using TMU-30 MOF synthesized from lead(II) and ison-
icotinate N-oxide (Aboutorabi et al. 2016). TMU-30 exhibits rapid Cr6+ adsorption
uptake (90% adsorption in 5 min) and maximum adsorption capacity of 145 mg g–1.
It has been suggested that the electrostatic interaction between the positively charged
nitrogen from N-oxide groups and oxygen atoms from chromate leads to remarkable
performance of TMU-30. Consequently, this material differentiates metal cations
and oxyanions. However, it is difficult to distinguish different oxyanions. Niu et al.
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reported 1D Fe-gallic acid MOF which shows exceptional adsorption capacity for
Cr2O7

2– ions up to 1709.2mgg−1 (Niu et al. 2017). This ultrahigh adsorption capacity
is attributed to the large number of exposed active sites of the Fe-gallic acid MOF
to bind with Cr2O7

2– anions. This MOF also demonstrated excellent selectivity of
Cr2O7

2− over several types of anions and metal cations and exhibited high stability
in strongly acidic (pH = 2) and alkaline (pH = 11) conditions, but it takes about
72 h to reach equilibrium which limits its use in the water treatment process. On the
other hand MOR-1-HA (Rapti et al. 2016) and MOR-2 (Rapti et al. 2017) showed
fast uptake which could reach an adsorption capacity of 240 − 280 and 194 mg g−1

within 3 and 1 min, respectively. Furthermore, these two MOFs could also be used
in a wide range of pH conditions and also be regenerated.

10.5.2 Organic Contaminants

In recent years, removal of organic contaminants from water using MOFs and/or
their degradation into non-harmful products have received a great deal of attention.
Organic pollutants such as antibiotics, pesticides, plasticizers, organic dyes, and other
substances whose usage recently escalated are on the priority list. Here we present
discussion on the removal of pharmaceuticals and personal care products (PPCPs)
emerging pollutants.

There is huge increase in the consumption of pharmaceutical drugs, cosmetics and
household chemicals inmodern societies. The shortage of established efficient decon-
tamination procedures have led to the accumulation of these pollutants in aqueous
ecosystem. Also, poor efficiency of their removal by available technologies have
resulted the search of more efficient and cost-effective methodologies.

Wang et al. reported two isostructural Zr6IV-basedMOFs, BUT-12 and BUT-13 as
best performing luminescent MOF-based sensing materials. They showed remark-
able uptake capacity as well as sensing properties for some antibiotics and nitroaro-
matic compounds at ppb levels (Wang et al. 2016). It has been shown that BUT-
12 exhibited a remarkable and selective uptake capacity towards nitrofurazone and
nitrofurantoin, whereas BUT-13 showed a fast and remarkable uptake of nitrofura-
zone, nitrofurantoin, ornidazole and chloramphenicol. The excellent performances
are attributed to the hydrophobicity and suitability of pore size to adsorb these organic
pollutants. These materials can be recycled consecutively for up to six cycles which
makes them potentially useful for the wastewater treatment applications. Fluoro-
quinolones (FQs) are another largest consumed antibiotics. The high performance of
Cu-based MOF PCN-124-stu(Cu) toward the adsorption of three FQs—norfoxacin
(NOR), ofoxacin (OFL) and enrofoxacin (ENR) has been reported with adsorption
capacity 354, 292 and 198 mg g–1 respectively (Jin et al. 2017). Studies have indi-
cated that open metal sites and amide groups are preferential adsorption sites and
hydrogen bonding interactions main interaction between MOF and the antibiotics.
However, the differences between adsorbed amounts of FQs are due to their different
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molecular sizes. Also, this material exhibited higher FQ adsorption as in compar-
ison to some common MOFs such as PCN-124(Cu), MIL-100(Cr), HKUST-1(Cu),
MOF-74(Mg) and UiO-66(Zr) and traditional adsorbents such as zeolite 13X and
activated carbon, except for mesoporous MOF-MIL-100(Cr).

The adsorptive removal of a toxic sulfonamide antibiotic sulfachloropyradazine
(SCP) from aqueous solution using UiO-66(Zr) and ZIF-67(Co) has been studied
(Azhar et al. 2017). UiO-66 shows an adsorption capacity of 417 mg g–1 with a fast
uptake kinetics. It has been revealed thatπ-π interaction and electrostatic interaction
are cause of noticeable performance of UiO-66(Zr).

The MOFs of MIL series exhibit exceptional high stability in water which makes
use of these materials in the removal of PPCPs. The post-synthetic modification
in MIL-101(Cr) structure with hydrogen donor functionalities has been successful
strategy for the efficient removal of PPCPs from contaminated water.

Recently, Seo et al. studied the adsorption of nonsteroidal anti-infammatory drugs
(naproxen and ibuprofen) and a component of many sunscreen lotions (oxybenzone)
from aqueous solutions using the functionalized MIL-101 (Seo et al. 2016). The
study has demonstrated thatMIL-101 functionalizedwith H-donor functional groups
(−OH, −(OH)2, −NH2) are very effective in the adsorption of naproxen. The H-
bonding interaction between O atoms on naproxen and H atoms on the adsorbent is
behind the noticeable adsorption affinity. Additionally, the MIL-101-OH could be
recycled several times by simple washing with ethanol, hence shows potential appli-
cability in the removal of PPCPs from contaminated water. Amino functionalized
MOF, MIL-101(Cr)-NH2 have also been used to capture nitroimidazole antibiotics
(dimetridazole,menidazole andmetronidazole) fromwater. Hydrogen bonding again
plays role in efficient adsorption of these PPCPs (Seo et al. 2017). It has also been
observed that MIL-101(Cr) with larger number of hydroxyl groups always shows
high uptake for PPCPs because of greater number of hydrogen bond formation.
The maximum adsorption capacity of MIL-101(OH)3(Cr) for p-chloro-m-xylenol,
triclosan, ketoprofen and naproxen are 79, 112, 80 and 156 mg g–1, respectively in
12 h (Song and Jhung 2017). MIL-101(Cr) has also been used to remove bisphenol
A (BPA) from polluted water and average pore size and specific surface area of MIL-
101(Cr) are the most important parameters determining the adsorption kinetics and
capacity of BPA (Qin et al. 2014). The π-π interaction and hydrogen bonding are
the key adsorption mechanisms of BPA over MIL-101(Cr).

A widely used nonsteroidal anti-inflammatory drug is diclofenac and advance
oxidative processes (AOPs) have shown to be effective method for its removal from
contaminated water. However, this process is associated with the generation of more
toxic secondary pollutants and technical difficulty to perform on a large-scale (Xu
et al. 2017). Therefore, adsorptive methods are alternative routes for the removal of
diclofenac. The ZIF-67(Co) together with different amounts of cetyltrimethylammo-
nium bromide (CTAB) surfactant exhibited noticeable diclofenac removal efficiency
and maximum adsorption uptake is increases with the amount of surfactant (Andrew
Lin et al. 2015).
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10.6 Conclusions and Future Perspectives

The safety of water resources and providing clean water to everyone are now
becoming top challenges worldwide. A large number of inorganic and organic toxic
materials are present in water ecosystem and removal of these hazardous materials
utilizing cost-effective water remediation technologies is always on high demand. In
this context, chemistry of MOFs have received significant attention in twenty-first
century and which has already shown great potentials in inorganic and organic pollu-
tants removal in the wastewater treatment process. In this chapter, we have shown
that MOFs can work as efficient adsorbents for the removal of toxic metal ions as
well as emerging organic pollutants (pharmaceuticals and personal care products).
Since, majority of MOFs are not very stable in the aqueous media but taking advan-
tage of different synthetic routes, it has now been possible to synthesize many water
stable MOFs for water remediation. Although remarkable advances achieved in the
MOFs research, there are limited number of MOFs which are suitable to use in water
treatment. These are mainly MIL, ZIF and UiO derivatives. Therefore, the develop-
ment of novel families of water-stable MOFs, with potential application in the water
treatment should be a research area of continued interest. We also need to make
effort to design new organic ligands beyond carboxylate and imidazolate ligands
and construct stable MOFs for water research. Additionally, it is highly desirable to
developmethods for low-cost and large-scale green synthesis ofMOFs using cheaper
starting materials. Functionalization of MOFs to perform multiple tasks in a single
material would also be interesting area in the water treatment process.
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Advanced Oxidation Processes:
A Promising Route for Abatement
of Emerging Contaminants in Water
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Abstract The importance of clean water and the link between water and health are
well-documented. Ailment and disease from the consumption of polluted water is
a significant cause of human misery in the world. With the advancements in chem-
istry in general and in analytical chemistry in particular, our ability to detect and
analyze pollutants in trace quantities has increased significantly over the years.
Currently, many freshwater bodies are contaminated not only with conventional
pollutants but also with several organic molecules, such as pharmaceutically active
compounds, endocrine-disrupting compounds, surfactants, personal care products,
and several others. These emerging contaminants (ECs) require special attention
due to their toxicity to all forms of life. Besides, some of these pollutants are bio-
resistant and can even sustain after primary and secondary treatments of wastewater.
Advanced oxidation is a promising technique and has gained immense importance in
recent years due to its ability to degrade and mineralize complex organic molecules,
including ECs. Advanced oxidation processes (AOPs) rely on the in-situ generation
of reactive chemical species such as hydroxyl radicals for degradation. This chapter
discusses the principles and workingmechanisms of various AOPs, including ozona-
tion, Fenton, photolysis, plasma, sonolysis, and photocatalysis, and their combina-
tions. The application ofAOPs in degradingECs such as pesticides, pharmaceutically
active compounds (PACs), personal care products (PCPs), and endocrine-disrupting
compounds (EDCs) are discussed. This chapter also elucidates the origin, fate, and
human and ecological health impacts of ECs in water bodies.
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11.1 Introduction

Adequate access to cleanwater is essential for the survival of flora and fauna. Though
our blue planet is an abundant source of water, the freshwater is limited and unevenly
distributed. The mismanagement and pollution of freshwater resources have further
restricted access to safe water. As a result, a large population across the globe is now
facing severe freshwater scarcity. According to the recent report by theWorld Health
Organization (WHO), 1 in 3 does not have access to safe drinkingwater (WHO2019).
Though the Indian subcontinent is rich in water resources, about 80% of the surface
water and a similar percentage of the groundwater bodies are contaminated and hence
is not safe for drinking (Araya et al. 2019). The presence of conventional organic,
inorganic, and biological pollutants is a common problem in freshwater resources.
However, our ability to characterizewater has gone beyond traditional pollutantswith
the emergence of advanced analytical tools such as ultra-high-performance liquid
chromatography (UHPLC), liquid chromatography coupled with mass spectrom-
etry (LC–MS), gas chromatography with mass spectrometry (GC–MS), and tandem
mass spectrometry (MS2). The excessive use of pesticides, pharmaceutically active
compounds (PACs), personal care products (PCPs), veterinarymedicines, endocrine-
disrupting compounds (EDCs), surfactants, nanomaterials, and other types of indus-
trial discharges have resulted in their way to water bodies (Söderström et al. 2009).
Though these compounds are not regulated in drinking water, some are potentially
toxic to humans and other aquatic organisms. These compounds, now identified as
emerging pollutants, cause concern in the drinking water sector due to their toxicity
and persistence nature at trace amounts (Daughton and Ternes 1999).

The first report mentioning the presence of emerging contaminants in water
could probably link to Rachel Carson’s book “silent spring.” The book deals with
the widespread use of dichloro diphenyl trichloroethane (DDT) to control pests in
agricultural lands (Drury 1963). United States Environmental Protection Agency
(USEPA) defines ECs as chemicals and other substances with no regulatory stan-
dard and are recently discovered in natural waters at detectable levels (Ankley et al.
2008). The complete scientific data regarding environment fate and ecotoxicolog-
ical studies are not yet available (Sauvé and Desrosiers 2014). PACs are one of the
widely reported emerging pollutants in water. As per global statistics, the average
drug consumption per capita per annum is around 15 g (Ternes and Joss 2006). India
is the third-largest producer and exporter of PACs. The primary production hubs are
located in Bangalore, Mumbai, Hyderabad, and Ahmedabad. Numerous studies on
the Yamuna river reveal the presence of antibiotics and other emerging contaminants
(Bhargava 2006; Mutiyar et al. 2018). The widespread occurrence of trace concen-
trations of EDCs and PCPs in water is also a significant cause of concern. The use of
PCPs in toothpaste, sunscreens, soaps, cosmetics, detergents, fragrances, lotions, and
insect repellents is increasing. The increasing trend in consumption can lead to the
accumulation of these compounds inwaterwith time. Indiscriminate use of pesticides
found their entry to the water streams through agricultural runoff and industrial efflu-
ents. Numerous works reported the presence of toxic pesticidal residues in the water
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and sediments of Ganges and Yamuna rivers in India (Singh et al. 2005; Esmaeil and
Somashekar 2013). Most widely used nanomaterials are also known to be ECs due
to their accumulation in the environment. Personal care products, paints, varnishes,
food packaging, surface coatings, textiles, electronics, and cleaning products are the
sources of different nano-metals and nano-metal oxides (McGillicuddy et al. 2017;
Wang and Nowack 2018). Stable nanoscale materials have the potential to produce
reactive oxygen species (ROS), damage cell membranes, and cause impaired nutrient
uptake by cells (Klaine et al. 2008). In 1916, the Endocrine Society further classi-
fied ECs as EDCs based on their effect on the endocrine glands. More than 3000
compounds are designated as EDCs, which interferes with the hormonal action. The
studies also revealed that these are suspects for hormonal disorders, heart diseases,
circulatory problems, and diabetes (Zoeller et al. 2012). However, the mechanism
of interaction and health impacts associated with ECs in the environment is not well
established.

This chapter dealswith various aspects ofECs, including their origin and fate in the
aqueous medium, environmental and human health effects, and treatment by various
AOPs. The chapter presents a detailed discussion on treatment processes such as
ozonation, Fenton-type reaction, sonolysis, plasma, photolysis, and photocatalysis.

11.2 Origin and Fate of ECs in the Aqueous Medium

The rapid growth of industrial and agriculture sectors, and lifestyle changes has
resulted in the accumulation of ECs in water as hazardous and non-biodegradable
wastes. The possible sources of ECs include effluents of domestic wastewater treat-
ment plants (WWTPs) and industries, waste discharges from laboratories and hospi-
tals, agricultural runoff, and landfill leachate (Gogoi et al. 2018). Several factors like
hydrogeological parameters of a region, type of industries, the extent of prescribed
and illegal use of drugs, quality of sewage system in the area, access to advanced
treatment technologies, waste disposal systems, and cultural and behavioural prac-
tices, decide the magnitude of the contamination. For instance, 90% of the ingested
drugs enter the sewer system as waste through urine and faeces. Approximately
3000 different chemicals such as lipid regulators, antibiotics, anti-inflammatories,
analgesics, contraceptives, neuro-active medicines, and beta-blockers are reported
in water streams (Carson 2002; Yang et al. 2011). Veterinary antibiotics employed
for animal food production are not absorbed in animals’ gut completely. As a result,
more than 30% of these compounds are excreted (Kim et al. 2011). These drugs
can undergo biological transitions in human bodies and WWTPs. These contami-
nants have complex chemical structures making it difficult to understand their fate
in the environment. These compounds undergo adsorption, biological, and photo-
chemical degradation in solution and solid medium. Microorganisms like bacteria,
fungi, microalgae, and protozoa can degrade ECs in biological processes through
different mechanisms, including contaminant uptake, diffusion, enzyme complexa-
tion, and release of transformed products (Wilkinson et al. 2017). USEPA estimates
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about 50% of the biosolids produced in the USA are used in <1% of the national
farmlands for nutrition (USEPA 2012). The retained ECs on biosolids can re-enter
the environment through plants or groundwater. The residual concentrations of ECs
in the effluents of WWTPs can further reduce by adsorption onto soils, sediments, or
suspended matter according to the effluent receiving medium. The physicochemical
properties of solids and chemicals, pH, temperature of the soil, rate of percola-
tion, and degree of soil water-saturation affect the adsorption process (Barron et al.
2010). Martín et al. (2010) observed sediments of the Guadiamar river in southern
Spain have pharmaceuticals like naproxen, salicylic acid, propranolol, caffeine, and
17α-ethinylestradiol at a loading of 11.2, 9.49, 3.37, 7.21, and 48.1 μg/kg, respec-
tively. Compounds that are amphipathic with sizeable linear carbon chains and polar
moieties have a higher affinity towards sediments (Wilkinson et al. 2017). Daliao
river in China, which receives nearly 2074 million tons of industrial and domestic
wastes, was investigated for organochlorine pesticides (OCPs). Nineteen OCPs were
detectedwith a concentration of 3.7–30.1 ng/L in the aqueous phase, 157–493 ng/L in
bore water, and 2.1–21.3 ng/g in sediments (Tan et al. 2009). Some of the chemicals
like ibuprofen and triclosan derives more toxic products like 4-isobutylacetophenone
and 2,8-dichlorodibenzo-p-dioxin, respectively when subjected to solar radiation or
reacted by photosensitized species (Latch et al. 2003; Ruggeri et al. 2013). Direct
photochemical transformation involves non-reversible cleavage of bonds or rear-
rangement of organic compound structure. Molecules with functional groups like −
CH=CH2,−NO2,−NH2,−N=N−, and−OHare prone to photochemical transfor-
mation by donatingπ-electrons,which determines the adsorptive capacity of sunlight
(Wilkinson et al. 2017). On the other side, chromophoric compounds produce reac-
tive photo-oxidant radicals under solar light and promote indirect photochemical
transformation. Factors such as the mechanism of degradation (direct or indirect),
chemical nature of the compound, pH, temperature, time of day, water depth, cloud
coverage, and topographywill vary the process efficiency (Remucal 2014).Moreover,
the fate of ECs and its transformation mechanism in various matrices are relatively
unresolved. They require a detailed study to suggest necessary remediationmeasures.

11.3 Environmental and Human Health Effects of ECs

Even atminuscule concentrations, several ECs pose a severe threat to the environment
and human life. However, adequate epidemic information, human health exposure,
and threats to ecology and health are not well-documented. Pharmaceuticals and
personal care products (PPCP), endocrine-disrupting compounds (EDC), and pesti-
cides became inevitable in human life, making them ubiquitous in water bodies.
Constant exposure to antibiotics gives rise to antibiotic-resistant bacteria making
infection control troublesome. It is reported that streptomycin, penicillin, and tetra-
cycline are responsible for antibiotic-resistant bacteria (Chudobova et al. 2014).
Numerous studies have focused on the acute toxicity of human drugs on aquatic life.
For instance, propranolol shows substantial toxicity towards zooplankton, silvestre,
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and benthos, whose EC50 is 3.17mg/L (Damasceno deOliveira et al. 2018). Themost
widely used 17α-ethinylestradiol (EE2) contraceptive arrested male gonad develop-
ment in zebrafish at an environmental concentration of 2 ng/L (Larsen et al. 2008).
Current research on carcinogenic perfluorooctanoic acid (PFOA) and perfluorooc-
tane sulfonate (PFOS) proved their presence in soil, sea, wildlife, human serum, and
even in breast milk. Intake of perfluorinated compounds by animals induces benign
liver adenomas, pancreatic adenocarcinoma, and Leydig cell adenoma (Bonefeld-
Jorgensen et al. 2011; Saikat et al. 2013). Coperchini et al. (2017) observed that
the PFOS of 2.72–12.81 ng/mL was detected in patients who underwent autopsy
thyroid operation. Another study says that the presence of PFC in lipid and choles-
terol layers resulted in chronic kidney disease and liver malfunctions (Shankar et al.
2011; Gleason et al. 2015). Pesticides like ECs enter into the water through agri-
cultural runoff or spillages. A lake in Florida contaminated with an excessive spill
of dicofol and DDT from surrounding agriculture fields, and sewage systems exhib-
ited abnormal ovarian morphology in female alligators (Lind et al. 2004). DDT is
lipophobic and is quickly absorbed into fish and animal tissues. Humans who occupy
the top place in the food chain would consume more pesticides. The significant
effects include DNA damage, endocrine system disruption, reduced immune, and
reproduction failures. EDCs can interfere with hormonal actions, abnormal thyroid
functioning, and decreased fertility in birds, fishes, and mammals (Petrović et al.
2001; Balabanič et al. 2011; Careghini et al. 2015). In order to get clearer views of
health impacts on the environment that is contaminated with ECs, extensive research
is required.

11.4 The Need for Advanced Oxidation Processes

A conventional municipal wastewater treatment plant typically consists of primary
and secondary treatment units, followed by a disinfection unit to remove organic and
inorganic solids, dissolved organic compounds, and microorganisms. The secondary
treatmentworks based on the biological process to remove carbonaceous and nitroge-
nous compounds (Metcalf et al. 2004). Since most of the ECs are recalcitrant, the
traditional suspended, membrane, and attached growth biological reactors are not
reliable for the complete removal of ECs at normal operating conditions (Gabet-
Giraud et al. 2010;Alvarino et al. 2014, 2016). Inmembrane bioreactor, 60% removal
of sulfamethoxazole compounds is obtained after the solid retention time of 33 days
(Göbel et al. 2007). The biological degradation of ECs inwastewater treatment plants
may be enhanced by combining anaerobic and aerobic treatment processes. Falås and
his co-workers’ extensive study on 15 diverse biological reactors summarized that
many of the ECs still shown stability towards biological degradation (Falås et al.
2016). Hence the tertiary treatment is sometimes required to improve the quality of
treated effluent and to meet the discharge standards. Table 11.1 shows the perfor-
mance of various conventional treatment techniques tested for the removal of ECs
in wastewater. It infers that the secondary treatment is not enough to remove ECs.
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Though reverse osmosis and nanofiltration remove some ECs, the operating cost is
high compared to the traditional process (Yangali-Quintanilla et al. 2011; Lin et al.
2016). In this context, AOPs seems to be a reliable choice for completely mineralize
organic ECs from the aqueous medium. The process is also beneficial for inhibiting
the disease-causing germs and enhancing the biodegradability of recalcitrant organic
compounds (Kanakaraju et al. 2018). Figure 11.1 shows the significant functions of
AOPs (Pham et al. 2020). The process produces reactive oxygen species (ROS)
such as hydroxyl radical (OH.), superoxide (O2

.−), peroxide (OOH.), alkoxyl (OR.),
peroxyl (OOR.) and nitrogen species (e.g., N3

., NH4
+, NO3

−) to oxidize OMs (An
et al. 2010; Rivera-Utrilla et al. 2013; Lyu et al. 2017). Among ROS, OH. has the
highest oxidizing capacity nearer to that of fluorine. Figure 11.2 shows the redox
potential of various electronegative elements and ROS. Due to the radical nature
of ROS, they rapidly interact with organic compounds in a non-selective manner
(Sharma et al. 2011).

The interaction of OH. with organic compound (RH) follows hydrogen abstrac-
tion, hydroxyl reaction, and electron transfer, as shown in Eqs. (11.1) and (11.2)
(Legrini et al. 1993).

RH + OH. → H2O + R. (11.1)

R. + O2 → ROO. (11.2)

If the target compound is aromatic, then the ring structure will be dissociated,
resulting in a non-cyclic compound, which makes further degradation easier. The
complete degradation by ROS can be achieved through radical–radical interactions,
electron transfers, and hydrogen abstractions depending on the compound affinity
towards radicals (Nakata and Fujishima 2012). The dependency of the generation of
ROS varies with the energy supplied, the chemicals used, and the pollutant nature.
The brief descriptions of various AOPs, including the Fenton process, ozonation,
photocatalysis, plasma treatment, and sonolysis are discussed below.

11.5 Various Advanced Oxidation Processes

11.5.1 Fenton and Photo-Fenton Processes

In the nineteenth century, H. J. H. Fenton discovered that the oxidation of organic
acids is enhanced in iron salts’ presence. He observed that the ferrous ion could
activate hydrogen peroxide (H2O2) and improve the degradation of tartaric, malic,
glycolic, lactic, succinic, benzoic, and glyceric acids (Fenton and Jones 1900). Since
then, the Fenton process is employed widely for the degradation of complex organic
compounds (Chamarro et al. 2001). In this process, oxidation of ferrous ion by H2O2

yields OH radicals, as shown in Fig. 11.3 (Lipczynska-Kochany 1991). The excess
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Table 11.1 Removal of ECs by conventional treatment techniques

EC class Compound Treatment
technique

Removal
(%)

Reference

Pesticides Diuron Activated
sludge
process

65–90 (Stasinakis et al.
2009)

Chlorpyrifos Membrane
bioreactor

83–90 (Ghoshdastidar
et al. 2012)Malathion

Lindane Microalgae
treatment

50 (Matamoros et al.
2016)Chlorpyrifos

Triazole Wetlands 55–80 (Vymazal and
Březinová 2015)Urea

Organophosphates

2,4-Dichlorophenoxyaceti
acid

Adsorption 70–80 (Gani and Kazmi
2017)

Pharmaceuticals Penicillin Activated
sludge
process

70–90 (Gadipelly et al.
2014)

Amoxicillin Membrane
bioreactor

90 Gadipelly et al.
2014)

Acetaminophen Wetlands 20–50 (Li et al. 2014)

Diclofenac

Ibuprofen

Carbamazepine Stabilization
ponds

6–20 (Gruchlik et al.
2018)Propranolol

Atenolol Adsorption 89–95 (Beijer et al. 2017)

Diclofenac

EDCs Oestrone Activated
sludge
process

40–90 (Ifelebuegu 2011)

17-beta estradiol

17 alfa-ethinylestradiol

Bisphenol A(BPA) Membrane
bioreactor

93 (Zhu and Li 2013)

BPA Wetlands 62–73 (Toro-Vélez et al.
2016)Nonylphenol

BPA Stabilization
ponds

24–70 (Gruchlik et al.
2018)Octylphenol

Triclosan Adsorption 48–93 (Solak et al. 2014)

Estrogens

PPCPs Homosalate Activated
sludge
process

20–90 (Yang et al. 2017)

(continued)
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Table 11.1 (continued)

EC class Compound Treatment
technique

Removal
(%)

Reference

DEET (N,
N-Diethyl-meta-toluamide)

Ethylhexylsalicilate

Caffeine Membrane
bioreactor

34–99 (Kim et al. 2014)

Triclosan

Caffeine Wetlands 40–80 (Reyes-Contreras
et al. 2012)Ketoprofen

Naproxen

Triclosan Stabilization
ponds

85–90 (Gruchlik et al.
2018)Oxybenzone

Chlorophene Adsorption 13–37 (Reyes-Contreras
et al. 2012)3-Methyllindole

1-H-Benzotriazole

Fig. 11.1 Different roles of
the AOPs

AOPs

Desolate 
complex 

wastewater

Remove 
inorganic 

compounds

Mineralise 
OMs 

Improve 
biodegrabi
lity of OMs

Inhibit 
microbial 
growth

H2O2 reacts with ferric ion and forms peroxide radical. These radicals are responsible
for the degradation of organic molecules. The Eqs. (11.3)–(11.11) show possible
reactions that can occur upon H2O2 consumption (Huang 2013; Babuponnusami and
Muthukumar 2014).

Fe2+ + H2O2 → Fe3+ + OH. + OH− (11.3)

Fe3+ + H2O2 → Fe2+ + OOH. + H+ (11.4)
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Fig. 11.2 The redox potentials of various chemical species. Adapted from Litter (2005)

Fig. 11.3 Diagrammatic representation of Fenton and photo-Fenton processes for the removal of
pollutants in water



284 T. D. Kusuma et al.

Fe2+ + OH. → Fe3+ + OH− (11.5)

Fe2+ + OOH. → Fe3+ + HOO− (11.6)

Fe3+ + OOH. → Fe2+ + O2 + H+ (11.7)

OH. + OH. → H2O (11.8)

OH. + H2O2 → OOH. + H2O (11.9)

OOH. + OOH. → H2O2 + O2 (11.10)

OH. + OOH. → H2O + O2 (11.11)

Factors affecting the Fenton process include pH, temperature, initial concentra-
tion of ferrous ions and H2O2, and the characteristics of the target pollutants. The
pH required for optimum production of OH radicals is reported to be around pH 3
(Leung et al. 1992; Zepp et al. 1992). At pH below 2, there is a chance of formation
of stable oxonium ions (H3O2)+, which inhibits the creation of the radicals by stabi-
lizing H2O2 (Babuponnusami and Muthukumar 2014). At pH above 4, the hydroxyl
radical formation is significantly reduced due to the conversion of the ferrous ion
into ferric hydroxide precipitates in the presence of peroxide. The rate of degradation
also depends on the loading of the ferrous ion. Chamarro et al. (2001) studied the
degradation of 4-chlorophenol (4-CP) as function of Fe2+/ 4-CP ratios (1, 0.1, and
0.01) and initial 4-CP concentration of 300 mg/L. The increase in the concentration
of Fe2+ has significantly increased the degradation of 4-CP. The amount of H2O2

present in the system also plays a significant role in the degradation process. Lofrano
et al. (2009) studied the effect of H2O2 in the catechol degradation by the Fenton
process. They found that at 500 mg/L of FeSO4 and pH 3, the increase in H2O2

concentration from 75 to 600 mg/L, raised the removal efficiency of catechol from
nearly 75–93%. Complete removal is achieved at H2O2 concentration of 2000 mg/L
for the same conditions (Lofrano et al. 2009). However, the addition of excess H2O2

may increase capital costs.
Fenton process is modified by combining it with UV or solar light to enhance

the degradation. The process is shown in Fig. 11.3. The principle of the photo-
Fenton process is elucidated by reaction Eq. (11.12). Saien et al. (2011) studied the
degradation of direct red dye (DR16) by Fenton and photo-Fenton processes. Fenton
process has been improved by 14% with the irradiation of UV light and achieved
aromatic ring degradation of 68%. It is summarized that 85–99% of discoloration
of DR16 of 30 mg/L initial concentration is obtained at optimum conditions after
30 min of reaction time.
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FeOH2+ + hυ → Fe2+ + OH. (11.12)

The formation of ferrous hydroxide precipitate at higher pH is still a worry in
the photo-Fenton process. The photo-Fenton process is modified by adding organic
ligands such as ethylenediaminetetraacetic acid (EDTA), ethylenediaminediacetic
acid (EDDA), and citric acid in water to overcome the limitation. The organic ligand
increases the radical production rate by stabilizing iron and decreases precipitate
formation even at a high pH range (Litter 2005; Clarizia et al. 2017). Pereira et al.
(2014) used oxalic acid as a ligand source to form ferricarboxylate complexes. They
have shownmore than 98% degradation of oxytetracycline and 32% TOC removal at
pH 6. Similar studies are done by Trovó and Nogueira (2011) by replacing synthetic
ligands like EDTAwith safe and natural compounds such as citrates. They conducted
the reaction in natural light to degrade diclofenac (DCF). At pH 7, 62% of DCF
oxidation is achieved with an initial concentration of 33.4 mg/L in 10 min of light
irradiation. Though themodified process is superior to the conventional photo-Fenton
process, the high chemical requirement and sludge generation need attention. Hetero-
geneous catalysts like iron oxides prevent the sludge generation in Fenton processes
by stable iron species within the structure. Huang (2013) reported 80.8% degradation
of bisphenol A (BPA) with goethite, H2O2, and ethylenediamine-N, N’-disuccinic
acid (EDDS) under UV light for 9 h at pH 6.2. At the end of 9 h, the leached iron is
nearly 5 μmol/L.

11.5.2 Ozonation

Ozonation is a unit process that involves the use of triatomic oxygen (ozone, O3)
for the degradation of pollutants. On an industrial scale, it is generally produced by
the excitation of the oxygen molecule in a high electric field (Miichi et al. 2002;
Chen et al. 2015). The ozone gas can also be produced by other methods, including
UV irradiation (Zoschke et al. 2014). The nascent oxygen generated in the process
combines with an O2 and form the O3, a powerful oxidizing agent. It is prepared
on-site and pumped directly to the treatment plant due to its poor stability. The
typical ozone treatment plant consists of an ozone generator and a reactor setup to
bubble ozone into wastewater (Miichi et al. 2002). Two reactor columns in series are
operated in down-flow and up-flowmodes, as shown in Fig. 11.4 (Huber et al. 2005).

The process is widely used in water and wastewater treatment plants for disinfec-
tion and also as for the pre-treatment and post-treatment of recalcitrant compounds.
The method is superior to chlorination in terms of disinfection power and does not
generate any halothanes (Fiessinger et al. 1981). The interaction of ozone with ECs is
direct or through the formation of secondary oxidants. Equations (11.13) and (11.14)
shows the formation of hydroxyl radicals when ozone interacts with water. It also
forms hydrogen peroxides, as demonstrated in Eq. (11.15).

O3 → O. + O2 (11.13)
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Fig. 11.4 Process flow diagram of ozonation in water treatment plant

O. + H2O(v) → 2OH. (11.14)

O. + H2O(l) → H2O2 (11.15)

Factors affecting the efficacy of the ozonation are pH, ozone loading, and the
presence of natural organic matter (NOM). The formation of OH radicals is favoured
in alkaline pH. Molecular ozone selectively reacts with organic molecules having
nucleophilic moieties such as carbon–carbon double bonds, aromatic rings, and the
functional groups bearing phosphorus, sulphur, nitrogen, and oxygen atoms (Legrini
et al. 1993). Whereas OH radicals are non-selective and the degradation mechanism
involves hydrogen abstraction, radical–radical reactions, electrophilic addition, and
the electron transfer reactions (Legrini et al. 1993). Presence of unsaturated and
aromatic hydrocarbons with −OH, −CH2 and −NH2 groups react with OH radicals
to form organic radicals, which upon addition of O2 converts to superoxide anion
(O2

−). The formed O2
− undergoes electron transition with ozone, decomposes, and

forms again OH radicals. On the other side, the alkyl group, eg., t-butyl group, and
bicarbonates scavenge OH radicals and terminate the radical formation by forming
their respective radicals (Staehelin and Hoigne 1985).

It is reported that ozonation is effective against compounds like bisphenol A,
nonylphenol, 17α-ethinylestradiol, 17β-estradiol, and estriol. The process showed
100% removal efficiency at an initial concentration of 50 μg/L (Ahmed et al. 2017).
Zhao et al. (2017) reported complete degradation of indomethacin in 7 min with
2 mg/L ozone dosage. By increasing ozone loading to 35 mg/L, 50% of TOC is
removed. Studies are also reported that the complete mineralization of ECs is not
achieved through the ozonation process alone (Cai and Lin 2016). Tay and Madehi
(2015) observed incompletemineralization of ofloxacinwith ozone and the formation
of by-products. The irradiation of UV light or the presence of H2O2 shows the
complete mineralization of the compound. Equation (11.16) shows the formation of
ozone molecules upon the UV radiation (Beltrán et al. 1999).
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3O2 + hϑ ↔ 2O3 (11.16)

The ozonation is superior to the Fenton process in terms of chemical require-
ments and sludge production. For instance, a study on the degradation of phenolic
compounds shows that the estimated cost of the ozonation process is around 0.3–0.61
EUR/kg of pollutants. The cost of the Fenton process is double the value reported for
ozonation. Also, it requires skilled labour for operation and maintenance. However,
for faster degradation, the addition of Fenton’s reagent is preferable (Krichevskaya
et al. 2011). The possible formation of carcinogenic by-products (in the case of bromi-
nated compounds present in wastewater), potential fire hazards, and ozone toxicity
are of concerns (Deng 2020). Zeng et al. (2013) studied the combination of ozonation
and Fenton processes for the degradation of phenol in a rotating packed bed reactor.
The degradation rate in ozonised-Fenton is 20% higher than that of the ozone process
and reached 98.3% upon the addition of H2O2 (1.6 mM). Parameters like rotational
speed, inlet ozone, and the H2O2 concentration increases the degradation rate, and
the optimum range of pH is 5–6.8 with Fe (II) concentration of 0.1 mM.

11.5.3 Photolysis

Several ECs are photosensitive and undergo degradation upon exposure to light
(Minella et al. 2016). Photolysis is the natural process of degradation of photoactive
ECs by light, as shown in Fig. 11.5. The addition of ozone and hydrogen peroxide
can enhance the process performance through the generation of hydroxyl radicals,
as shown in chemical reactions Eqs. (11.17)–(11.19).

O3 + hϑ + H2O → H2O2 + O2 (11.17)

H2O2 + hϑ → 2OH. (11.18)

Fig. 11.5 Schematic representation of photolytic degradation of the pollutants in water
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OH. + EC → Degradation products (11.19)

Water quality parameters, including the concentration of pollutants, organic
matter, pH, and the intensity of light, influence the process. The photoreactivity shows
higher at a lower concentration of contaminants and near-neutral pH (Jacobs et al.
2011; Babić et al. 2013). The photodegradation experiments of ECs also showed that
that the half-lives of most of the compounds depend on the light intensity and their
absorbance in the sunlight radiation. The direct photolysis of photolabile compounds
such as ketoprofen, diclofenac, triclosan, and naproxen can lead to the generation
of toxic oxidative compounds (Schweitzer and Noblet 2018). This process typically
generates by-products like carbazole derivatives and benzophenones, depending on
the pollutants degraded even after longer irradiation times (Brigante et al. 2005;
Koumaki et al. 2015).

Trapido et al. (1997) comparedozonation andphotolysis in treating chlorophenols.
Ozonation showed fewer degradation by-products when compared to photolysis.
However, ozonation shows higher degradation at higher pH, andUV treatment shows
higher degradation at lower pH. It is also inferred that toxic products are generated
in photolysis, even with the addition of H2O2 and ozone.

11.5.4 Plasma Treatment

In Greek, plasma means “mouldable substance” or “jelly” and is one of the four
fundamental states of matter. In 1928, Irving Langmuir, a chemist, coined this word
to describe an ionized gas (Tonks and Langmuir 1929). By definition, plasma is a
state ofmatter that exists in the form of electrons and ions. The ionized gas is obtained
from the exposure of the material to a high electric field, magnetic field, or thermal
energy. Depending on the temperature and electron density, the plasmas are classified
as thermal or equilibrium plasma and non-thermal plasma or non-equilibrium plasma
(Conrads and Schmidt 2000). In thermal plasma, the temperature of the electron and
the bulk gasmolecule are the same. They are in thermodynamic equilibriumwith each
other. Examples of thermal plasma are arc discharges, torches, and radiofrequency
plasma. The high flux of heat generation enables thermal plasma for the incineration
of solid waste (Tang et al. 2013). In the case of non-thermal plasma, the electron
temperature is much higher than that of bulk gas molecules. Thus, they are not in
thermodynamic equilibrium with each other. Types of non-thermal plasma include
corona discharge, dielectric barrier discharge, gliding arc discharge, glow discharge,
and spark discharge (refer to Fig. 11.6). Thermal plasma is associated with sufficient
energy to be in thermal equilibrium, hence requires high power. Non-thermal plasma
can be obtained using less power. Therefore, the application of non-thermal plasma
is more economical (Jiang et al. 2014).
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Fig. 11.6 Schematic representation of non-thermal plasma reactors like A) Bubble discharge, B)
Direct discharge, C) Dielectric discharge, and D) Gliding arc discharge reported for the water
treatment. Adapted with permission from Perinban et al. (2019)

In non-thermal plasma, the energetic electrons can collide with background
molecules (N2, O2, H2O, Ar) to produce secondary electrons, photons, and chemi-
cally reactive species such as OH., H2O2, O3, OOH., O atom, and ions (O2

−, O2
+,

H3O+, O3
−) (Foster et al. 2012). Glow discharge, dielectric barrier discharge, and

gliding arc plasma come under the non-thermal surface plasma dischargemethods. In
surface discharge, the liquid surface acts as one of the electrodes to generate plasma. It
involves the breakdown of gasmolecules at the liquid surface and diffuses the formed
ions into liquid. Hence the plasma produced is the source of charged particles, excited
species, shock waves, ultrasound radicals, and UV radiation. The plasma-produced
ions and radicals have a short life span and are harmful. The produced species and
their diffusion influence the chemical reactivity of plasma.

In direct electric discharge, plasma is produced by direct injection of high pulse
voltage across the submerged electrodes. Due to the gas–liquid density variations,
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the generated ions are diffused slowly into the surrounding liquid medium. However,
the conductivity of liquid majorly affects the diffusion of ions. The bubbling of gas
is introduced to enhance the mass transfer in a direct electric discharge.

A bubble-type discharge is similar to surface discharge in which liquid itself acts
as an electrolyte, and gas is bubbled into it. These discharged bubbles have more
contact surface with the liquid medium and hence increases the efficiency. The UV
light formed during the discharge helps in degrading compounds via photolysis, and
also creates OH radicals through dissociation of H2O2 and ozone. This process is
superior to the surface discharge due to less energy consumption and more mass
transfer due to bubbling (Jiang et al. 2014).

Extensive studies are being conducted on the removal of ECs in wastewater
using non-thermal plasma treatment (Jiang et al. 2012, 2014). Tichonovas et al.
(2013) conducted pilot-scale research for the application of semi-continuous dielec-
tric discharge for the degradation of 13 textile dyes. However, energy demand is high
compared to other AOPs. Ten out of 13 dyes are completely degraded, and the toxi-
city of wastewater is near zero within 5 min. In another study, Yan et al. (2005) used
gas–liquid gliding arc discharge for degrading phenol and achieved 91.8% removal
efficiency in 38 min. The results also show the complete mineralization of phenol
obtained only with the air supply for a longer duration.

The plasma treatment process does not need external chemicals, as in the case of
conventional AOPs. However, electrode erosion, less throughput capacity, and less
process volume are the constraints involved in the plasma generation (Foster et al.
2012). Though this technology offers high removal efficiency, coupling with other
AOPs reduces the cost and allows scalability (Vanraes et al. 2015).

11.5.5 Sonolysis

Sonolysis is a process that describes the degradation of pollutants using ultrasound
waves. Interaction of a liquid medium with the ultrasound waves generates kinetic
and thermal energy, which induces fine bubbles and temperature changes in the
liquid. Ultrasound waves propagate in water either as continuous or pulsed waves
to form cavitation bubbles. The formed bubbles will oscillate with compression and
rarefaction until they reach a critical size, as shown in Fig. 11.7. Localized hotspots
induce the critical-sized bubbles to implode, releasing enormous energy into the
solution. These hotspots provide sufficient heat for dissociation of chemical bonds
in pollutants through thermal decomposition and hydrolyze water to form radicals
(OH.) to degrade the pollutant (Hua and Hoffmann 1996; Xiao et al. 2014; Sasi et al.
2015).

Degradation rate in sonolysis is dependent on the initial concentration of pollu-
tants, sonication frequency, and the temperature (Güyer and Ince 2011; Golash and
Gogate 2012; Nejumal et al. 2014). This process requires excessive chemical input
for the enhancement of degradation. For example, the addition of sodium chloride,
ruthenium, and platinum catalysts increased the acetic acid degradation percentage
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Fig. 11.7 Schematic
representation of sonolysis
process for the degradation
of pollutants. Adapted with
modifications from Mishra
et al. (2017)

from 10 to 100 at 473 K with 0.6–1 g of catalyst in 200 mL of solution in a pres-
surized reactor. (Findik and Gündüz 2007). The presence of bromide ion increased
radical production during the degradation of 4-cumyl phenol. Degradation of 100%
is achieved in 20 min at a temperature of 293 K, power of 80 W, and pH 7.6. The
presence of bicarbonates in natural water improved the degradation at a low concen-
tration of 0.05 mg/L of 4-cumyl phenol (Chiha et al. 2011). The process shall be
hyphenated with other methods to achieve complete degradation. Peller et al. (2003)
conducted a study on the degradation of 2,4,6 trichlorophenol by coupling of sonol-
ysis and TiO2 photocatalysis. The study revealed that the total degradation time
with sonolysis alone is 12 min, and TiO2 photocatalysis alone is 18 min. However,
combined treatment degraded the compound in 8 min. Similar studies are reported
with AOPs like ozonation (Weavers et al. 1998), membrane reactor, or concurrent
systems (Secondes et al. 2014).

11.5.6 Photocatalysis

According to the IUPAC definition, photocatalysis is a catalytic reaction involving
light absorption by a catalyst or substrate (Agustina et al. 2005). A photocatalyst (PC)
in the presence of oxygen/air, and a light source, as shown in Fig. 11.8, will generate
ROS, andROSwill degrade the organic compounds. Typically, semiconductingmetal
oxides are used as PCs due to their distinct low bandgap. When the incident light
with energy higher than that of bandgap energy is applied, electrons excite from
valency band (VB) to conduction band (CB). Positive holes are formed in VB in
place of excited electrons, as given in Eq. (11.20). The formed electron–hole pairs
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Fig. 11.8 The schematic diagram showing the mechanism of photocatalysis

act as reducing and oxidizing agents, respectively. Redox reactions happen with
surrounding liquid medium to generate hydroxyl radical and superoxide, as given
in Eqs. (11.21) and (11.22). Thus, formed superoxide further converts into peroxyl
radical through protonation, as given in Eqs. (11.23) and (11.24) Fujishima et al.
(2017).

PCs + hϑ → e−
s + h+

s (11.20)

OH− + h+ → OH. (11.21)

O2 + e− → O−
2. (11.22)

H2O → H+ + OH− (11.23)

O−
2 + H+ → HOO. (11.24)

The radical production can be decreased by ‘recombination’, which is a
phenomenon of electrons re-occupying the VB from CB. The peroxyl radicals,
which act as electron acceptors, prevent the recombination rate by scavenging photo-
induced electrons and generates H2O2, as shown in Eqs. (11.25) and (11.26). Thus
the photocatalytic reaction’s efficiency is enhanced by the decrease of recombination
and the production of hydrogen peroxide (Alfano et al. 1997).

HOO. + e− → HOO− (11.25)

HOO− + H+ → H2O2 (11.26)

The degradation pathways are based on the formation of the radicals and the nature
of pollutants. The presence of functional groups like alkyl (Huang et al. 2020), nitro
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(Di Paola et al. 2003), or sulfate (Ahmed et al. 2010) can form radicals other than
ROS, which may influence the mineralization of the target analyte.

Titanium dioxide (TiO2) is a well-known photocatalyst because of its stability,
longevity, high UV light absorption capacity, abundant availability, and ease of large-
scale production (Reck and Richards 1999). In nature, TiO2 exists in three crystalline
forms as anatase, rutile, and brookite. Brookite is a rare and unstable form. Commer-
cially, TiO2 is available as Degussa P25 with 25% rutile and 75% anatase crystalline
phases, which is a benchmark form of TiO2. However, TiO2 is not active in the visible
region of light. Sivagami (2011) studied the degradation of monocrotophos (MCP)
at an initial concentration range of 10–23.4 mg/L using TiO2 in batch reactors and
the pH range of 3.6–10.4. At optimized conditions (15 mg/LMCP, 4 g/L TiO2), 78%
of degradation is achieved. The authors inferred that degradation is influenced by
the initial concentration of pesticides and the pH of the solution. Zinc oxide (ZnO)
is another example of UV light active photocatalyst with strong oxidizing capacity
and good photocatalytic properties. It is cheaper than TiO2 and also known for its
application in the removal of ECs inwater. Daneshvar et al. (2007) reported the degra-
dation of diazinon using ZnO. They considered the initial concentration of 20 mg/L
diazinon solution and loading of ZnO as 150 mg/L. After UV irradiation of 80 min,
80% of degradation is achieved.

The visible light photoactivity of TiO2 and ZnO can be achieved by bandgap
modification. The bandgap can be tuned by doping/co-doping with metals and non-
metals. Besides enhancing the activity in visible light, the doping technique rectifies
constraints like recombination and deactivation of photocatalysts, and accomplishes
higher process productivity. Generally, doping of metal ion helps in decreasing the
bandgap by creating additional energy levels between the VB and CB of a primary
photocatalyst. Numerous studies are reported using metallic doping agents such as
iron, cobalt, nickel, and copper in ZnO (Sharma and Jha 2017; Basri et al. 2018; El
Haimeur et al. 2018; Shakil et al. 2018), and molybdenum, chromium, lanthanum,
and cerium in TiO2 for visible light activity (Shayegan et al. 2018; Vieira et al. 2019;
Zaki and Lee 2019). Non-metal doping agents like carbon (C), nitrogen (N), sulphur
(S), and fluorine (F) are also used to modify the bandgap and improve the visible
light activity of the PC. The dopant will replace the oxygen atom in the lattice of
semiconductor, forming crystal defects (Wang et al. 2017). The crystal defects act
as localized centres for electrons, and reduces the recombination rate. Table 11.2
gives band energies of different pure and doped photocatalysts and their excitation
wavelengths (Papoulis 2019; Shayegan et al. 2019; Ahmad et al. 2020).

However, thesemodifications are dependent on thematerial synthesis route,which
significantly affects the production cost. Among various approaches, sol-gel is the
commonly used synthesis technique. The process involves the conversion of a sol,
which is a solid particle dispersion in a liquid medium to gel, a three-dimensional
solid with liquid inside. Metal alkoxides are typically used, precursors. Precursor
solution with or without doping agents undergoes hydrolysis, condensation, drying,
and thermal decomposition during the synthesis. The final compound has strong
covalent bonds between the dopant element and the precursor of the semiconductor.
Numerous studies used the sol-gel method for doping of metals and non-metals to
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Table 11.2 Different photocatalysts and their excitation wavelength and band energy

Photocatalyst Amount of
dopant (wt%)

Band energy (eV) Excitation
wavelength (nm)

Reference

TiO2 – 3.2 388 (Fujishima et al.
2017)

ZnO – 3.3 376 (Hong et al.
2006)

CdS – 2.4 517 (Gangu et al.
2019)

ZrO2 – 5.0 248 (Liu et al. 2010)

ZnS – 3.6 345 (Lee and Wu
2017)

Ru—doped TiO2 1 2.9 428 (Barrocas et al.
2019)

Co—doped TiO2 1 2.43 511 (Osawa et al.
2020)

Fe—doped TiO2 1 3.42 363 (Osawa et al.
2020)

Ir—doped TiO2 0.5 3.14 395 (Shayegan et al.
2018)

Pt—doped TiO2 0.3–1.6 2.98–2.82 416–440 (Nishiyama and
Yamazaki 2017)

C—doped TiO2 2.8 2.74 453 (Huang et al.
2008)

S—doped TiO2 1.5 2.65 468 (Wang et al.
2017)

N—doped TiO2 4.64 3.01 412 (Liu et al. 2016)

B—doped TiO2 5 3.11 399 (Shayegan et al.
2018)

F—doped TiO2 0.3 3.09 402 (Khalilzadeh and
Fatemi 2016)

prepare visible light active TiO2 and ZnO photocatalysts (Samat and Nor 2013). Li
and Li (2001) studied Au/Au3+ doped TiO2 synthesized through a sol-gel process
for the degradation of methylene blue (MB). They reported that the optimum molar
percentage of gold doping/deposition on TiO2 is 0.5. Abatement studies were done
in a cylindrical Pyrex photoreactor, and 110 W sodium lamp was taken as a visible
light source. Degradation studies were done taking 12 mg/L MB and 0.2 g of the
photocatalyst in the pH range of 2.4–8.4. At a pH of 5.98, Au3+−TiO2 achieved
high total organic carbon (TOC) removal of 73.6% as compared to that of 43.7% by
simple TiO2. Vaiano et al. (2015) studied MB degradation by continuous catalytic
fixed-bed reactor under artificial and solar light. N-doped TiO2 catalyst with N/Ti
molar ratio of 18.6 is immobilized on glass spheres by dip-coating technique and
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followed by calcination. About 75 and 50% of 10 mg/L of MB is degraded under
UV and visible light, respectively, in 4.4 h of reaction time.

Another well-known synthesis technique is a hydrothermal process that requires
high temperature and water pressure. If the solvent used is non-water-based, the
process is termed as solvothermal technique (Shen et al. 2015). Compared to the sol-
gel technique, this technique requires controlled conditions that allow the generation
of different morphologies like hollow TiO2 particles and flower-like F—doped TiO2

hollow microspheres (Pastrana-Martínez et al. 2013; Khalilzadeh and Fatemi 2016).
Even though doping enhances the photocatalyst performance, the major issue that

remains to be addressed is photocatalyst fouling. The catalyst fouling can happen
due to surface blockage, bulk blockage of photocatalyst, and various ions in the
water (Katz et al. 2015). Some compounds like phosphate ions, chromates ions,
and humic acid target the sites on the PC’s surface, resulting in the blockage of
active sites. The blocked sites will neither adsorb pollutants nor produce radicals.
Certain divalent ions will form a bridge between the PC particles and agglomerates
particles. This agglomeration can be addressed by the immobilization of PC (Pozzo
et al. 2002). The bulk blockage occurs due to the interfering compounds like chlorides
and carbonates, which scavenges the hydroxyl radicals. Sometimes the ionic strength
also results in the fouling or activation of catalyst depending on the target compound.
Aguedach et al. (2008) investigated the discoloration of reactive black dye with
TiO2/SiO2 composite. The order of initial discoloration was reported as Ca2+ > K+ >
Na+ > Li+. The control strategies to address catalyst fouling include self-cleaning by
photooxidation, feed pre-treatment, aeration, applying electric field, and desorption
through heating (Zhang et al. 2016).

11.6 Conclusion

With the advancement in the state-of-the-art analytical equipment, our ability to
detect and analyze pollutants in trace quantities has improved significantly. Recent
findings have established varying concentrations of organic, inorganic, and biolog-
ical contaminants in water bodies worldwide. The frequent occurrence of uncon-
ventional pollutants in water bodies has brought a paradigm shift in the criteria for
characterizing wastewater effluent and drinking water. A new class of contaminants
named ‘emerging pollutants’ is now the focus of several research studies across the
globe. Though these pollutants are not commonly monitored in water, they possess
known or suspected toxicity to human health and aquatic organisms. Most of the
conventional wastewater treatment techniques are not competent enough to remove
emerging contaminants in an aqueous medium due to their recalcitrant nature. In
this context, advanced treatment technologies hold the key to the management of
these pollutants. Studies on the risk assessment of ECs and their metabolites and the
investigations on the degradation mechanism also need to be addressed to design and
develop an efficient treatment process.
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Advanced oxidation processes such as ozonation, Fenton oxidation, photolysis,
plasma, sonolysis, photocatalysis, and their combination are known for their ability to
detoxify or completely mineralize emerging contaminants in water. They are suitable
for deactivating a broad spectrum of pathogenic organism as well. The AOP process
primarily relies on the in-situ generation of reactive chemical species with high
redox potential. Among the AOPs, plasma, ozonation, and sonolysis are efficient in
degrading the pollutants. However, they are energy-intensive and expensive. Fenton,
photo-Fenton, and photocatalysis processes are relatively affordable. Photo-Fenton
and photocatalysis can be made more economically viable by using sunlight as the
source of energy. However, catalyst fouling, post-separation of chemical compounds,
and the effect of water matrix need to be addressed adequately to improve their
prospects in the field-level applications.

In some cases, the intermediate products of degradation are biologically active
and toxic than the parent compounds. The complete removal of pollutants in such a
situation adds to the cost of the treatment. The hybrid AOPs or AOPs, in combination
with traditional techniques, seems to be a viable and practical option in terms of
achieving high degradation efficacy, operation feasibility, and economic viability.
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Vymazal J, Březinová T (2015) The use of constructed wetlands for removal of pesticides from
agricultural runoff and drainage: a review. Environ Int 75:11–20. https://doi.org/10.1016/j.env
int.2014.10.026

Wang F, Li F, Zhang L, Zeng H, Sun Y, Zhang S, Xu X (2017) S-TiO2 with enhanced visible-light
photocatalytic activity derived from TiS2 in deionized water. Mater Res Bull 87:20–26. https://
doi.org/10.1016/j.materresbull.2016.11.014

Wang Y, Nowack B (2018) Environmental risk assessment of engineered nano-SiO 2, nano iron
oxides, nano-CeO 2, nano-Al 2 O 3, and quantum dots. Environ Toxicol Chem 37:1387–1395.
https://doi.org/10.1002/etc.4080

WHO (2019) 1 in 3 people globally do not have access to safe drinking water—UNICEF, WHO
New report on inequalities in access to. https://www.who.int/news-room/detail/18-06-2019-1-

https://doi.org/10.1016/j.watres.2008.12.040
https://doi.org/10.1016/j.ecss.2009.06.013
https://doi.org/10.1016/j.elstat.2013.06.007
https://doi.org/10.1016/j.scitotenv.2015.03.033
https://doi.org/10.1016/j.cej.2013.05.095
https://doi.org/10.1016/j.scitotenv.2015.09.154
https://doi.org/10.1080/01919519708547319
https://doi.org/10.1590/S0103-50532011000600005
https://www.epa.gov/biosolids
https://doi.org/10.1016/j.ces.2015.06.023
https://doi.org/10.1016/j.jhazmat.2015.07.075
https://doi.org/10.1080/09593330.2019.1651402
https://doi.org/10.1016/j.envint.2014.10.026
https://doi.org/10.1016/j.materresbull.2016.11.014
https://doi.org/10.1002/etc.4080
https://www.who.int/news-room/detail/18-06-2019-1-in-3-people-globally-do-not-have-access-to-safe-drinking-water-unicef-who


11 Advanced Oxidation Processes: A Promising Route … 305

in-3-people-globally-do-not-have-access-to-safe-drinking-water-unicef-who. Accessed 22 May
2020

Weavers LK, Ling FH, Hoffmann MR (1998) Aromatic compound degradation in water using a
combination of sonolysis and ozonolysis. Environ Sci Technol 32:2727–2733. https://doi.org/10.
1021/es970675a

Wilkinson J, Hooda PS, Barker J, Barton S, Swinden J (2017)Occurrence, fate and transformation of
emerging contaminants in water: an overarching review of the field. Environ Pollut 231:954–970.
https://doi.org/10.1016/j.envpol.2017.08.032

Xiao R, He Z, Diaz-Rivera D, Pee GY, Weavers LK (2014) Sonochemical degradation of
ciprofloxacin and ibuprofen in the presence of matrix organic compounds. Ultrason Sonochem
21:428–435. https://doi.org/10.1016/j.ultsonch.2013.06.012

Yan JH, Du CM, Li XD, Sun XD, NiMJ, Cen KF, Cheron B (2005) Plasma chemical degradation of
phenol in solution by gas-liquid gliding arc discharge. Plasma Sources Sci Technol 14:637–644.
https://doi.org/10.1088/0963-0252/14/4/001

Yang X, Flowers RC, Weinberg HS, Singer PC (2011) Occurrence and removal of pharmaceuticals
and personal care products (PPCPs) in an advanced wastewater reclamation plant. Water Res
45:5218–5228. https://doi.org/10.1016/j.watres.2011.07.026

YangY, OkYS, KimKH, Kwon EE, Tsang YF (2017) Occurrences and removal of pharmaceuticals
and personal care products (PPCPs) in drinkingwater andwater/sewage treatment plants: a review.
Sci Total Environ 596–597:303–320. https://doi.org/10.1016/j.scitotenv.2017.04.102

Yangali-Quintanilla V, Maeng SK, Fujioka T, Kennedy M, Li Z, Amy G (2011) Nanofiltration vs.
reverse osmosis for the removal of emerging organic contaminants in water reuse. Desalin Water
Treat 34:50–56. https://doi.org/10.5004/dwt.2011.2860

Zaki AH, Lee MJ (2019) Effects of K+, Mg2+, Ca2+, Zn2+, La3+, Cr3+, Ce3+, Ce4+, and Mo5+
doping on the adsorption performance and optical properties of sodium titanate nanotubes. ACS
Omega 4:19623–19634. https://doi.org/10.1021/acsomega.9b02229

Zeng Z, Zou H, Li X, Arowo M, Sun B, Chen J, Chu G, Shao L (2013) Degradation of phenol
by ozone in the presence of Fenton reagent in a rotating packed bed. Chem Eng J 229:404–411.
https://doi.org/10.1016/j.cej.2013.06.018

Zepp RG, Faust BC, Jürg H (1992) Hydroxyl radical formation in aqueous reactions (pH 3–8) of
iron(II) with hydrogen peroxide: The photo-Fenton reaction. Environ Sci Technol 26:313–319.
https://doi.org/10.1021/es00026a011

ZhangW, Ding L, Luo J, JaffrinMY, Tang B (2016)Membrane fouling in photocatalytic membrane
reactors (PMRs) for water and wastewater treatment: a critical review. Chem Eng J 302:446–458.
https://doi.org/10.1016/j.cej.2016.05.071

Zhao Y, Kuang J, Zhang S, Li X, Wang B, Huang J, Deng S, Wang Y, Yu G (2017) Ozonation of
indomethacin: kinetics, mechanisms and toxicity. J Hazard Mater 323:460–470. https://doi.org/
10.1016/j.jhazmat.2016.05.023

Zhu H, Li W (2013) Bisphenol A removal from synthetic municipal wastewater by a bioreactor
coupled with either a forward osmotic membrane or a microfiltration membrane unit. Front
Environ Sci Eng 7:294–300. https://doi.org/10.1007/s11783-013-0486-3

Zoeller RT, Brown TR, Doan LL, Gore AC, Skakkebaek NE, Soto AM, Woodruff TJ, Vom Saal
FS (2012) Endocrine-disrupting chemicals and public health protection: a statement of principles
from the Endocrine Society. Endocrinology 153:4097–4110. https://doi.org/10.1210/en.2012-
1422

Zoschke K, Börnick H, Worch E (2014) Vacuum-UV radiation at 185nm in water treatment—a
review. Water Res 52:131–145. https://doi.org/10.1016/j.watres.2013.12.034

https://www.who.int/news-room/detail/18-06-2019-1-in-3-people-globally-do-not-have-access-to-safe-drinking-water-unicef-who
https://doi.org/10.1021/es970675a
https://doi.org/10.1016/j.envpol.2017.08.032
https://doi.org/10.1016/j.ultsonch.2013.06.012
https://doi.org/10.1088/0963-0252/14/4/001
https://doi.org/10.1016/j.watres.2011.07.026
https://doi.org/10.1016/j.scitotenv.2017.04.102
https://doi.org/10.5004/dwt.2011.2860
https://doi.org/10.1021/acsomega.9b02229
https://doi.org/10.1016/j.cej.2013.06.018
https://doi.org/10.1021/es00026a011
https://doi.org/10.1016/j.cej.2016.05.071
https://doi.org/10.1016/j.jhazmat.2016.05.023
https://doi.org/10.1007/s11783-013-0486-3
https://doi.org/10.1210/en.2012-1422
https://doi.org/10.1016/j.watres.2013.12.034


Chapter 12
Surfaces and Modified Surfaces
for Controlling the Pollution: Different
Approaches

Shiju Abraham

Abstract Various pollutions such as air, water, plastic, noise, food waste, soil, and
radioactive substance’s pollutions are always a severe problem to the environment and
to the humanity. To mitigate this issue, investigations were conducted by different
researchers across the globe on several surfaces for their adsorption and desorp-
tion properties towards various physical, chemical and biological pollutants, such as
particulate matter, heavy metals, oil spillage, micro-organisms, etc. Along with this,
ample of surfacemodification approaches, both for nano structures as well as for bulk
structures were tested over last few decades to strive these concerns. So, surfaces
such as bulk, nano, patterned, hydrophobic, oleophobic, magnetic, membrane, and
polymeric surfaces along with their various modifications are extensively discusses
here. These surfaces and modified surfaces have been explored in detail focusing
on their diverse environmental remedial applications like adsorption, photo catalytic
degradation, oil–water separation and capture, self-cleaning, and anti-microbial/anti-
bacterial or anti-foulants properties. Thus, the overall thrust of this chapter will be
to provide a detailed outlook on the current status on the environmental remedial
strategies especially by making use of various surfaces and modified surfaces and its
probable scope in the years ahead.

Keywords Surfaces · Modified surfaces · Pollution control

12.1 Introduction

Pollution, always a severe global issue, is the introduction of various contaminants
into the natural environment which result an adverse change to the same environ-
ment (Akimoto 2003; Li et al. 2019a; Schwarzenbach et al. 2010). The incredible
increase of human population along with the rapid growth of industrialization in
the last couple of decades have triggered serious environmental pollution across the
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globe. Along with the rapid increase in the pollutant volume into the environment,
the development of specialized and modern industries have added the diversity of
pollutants flowing into the environment. There are different forms of pollution; but,
air pollution, water pollution, light pollution, noise pollution, and soil contamination
are the main forms of pollution (Akimoto 2003; Schwarzenbach et al. 2010; Zwolak
et al. 2019; Stansfeld and Matheson 2003; Longcore and Rich 2004). Always, there
were continuous effort from the individuals and from the organizations to mitigate
the issues related to pollution. Scientists and technologists have developed several
techniques based on various scientific concepts and are still continuing their efforts
to discover new methods, or to improve the existing approaches.

Recent decades have observedwidespread problems related to air andwater pollu-
tion (Akimoto 2003; Schwarzenbach et al. 2010;Xue et al. 2017), the twomajor kinds
of pollution among different forms of pollution present. The elevated concentra-
tions of various pollutants; for instance, pesticides, dyes, particulate matter, phenols,
toxic heavy metal ions, humic substances, inorganic anions, etc. has been largely
reported to cause air and water pollution around the globe. Further, the discharge
of these harmful pollutants into the water bodies has adverse effect on the ecolog-
ical balance and can successively cause destructive effects on the flora and fauna.
Adding to these, most of these contaminants are resistant against different chemical
or biological degradation and have great environmental mobility and possess strong
inclination towards bioaccumulation in the food chain. Further, the accumulation of
unwanted material (may be living organisms or non-living inorganic and/or organic
substances) on solid surfaces to harm the functions of such surfaces, or simply known
as the ‘fouling’, also discussed in some parts of this chapter to show those surface’s
fouling control characteristics.

In this context, the current chapter focuses on the importance of different surfaces
and modified surfaces which includes bulk, nano, patterned, hydrophobic, oleo-
phobic, magnetic, membrane, and polymeric surfaces with an emphasis given to
their function of working as a pollution control framework. The following Fig. 12.1
briefly describes an overview of the present chapter and the findings discussed in
this chapter are mostly taken from the recent reports.

12.2 Surfaces

The term ‘surface’, can be generally used to define the outermost or uppermost layer
of a physical object or space. Specifically, in physical science, it is the interface of
two phases. These interfaces can be either solid–liquid, solid–vacuum, solid–gas,
or liquid–gas interfaces. It is important to note that the term “surface” or ‘modified
surface’ were used in an extensive manner to cover 2-dimensional planar substrates,
surfaces of bulkmaterials, surface of nanostructures, scaffolds, and colloidal surfaces.
The surfaces can be as simple like a silicon substrate to surfaces of quantum dots
or complex modified surfaces such as polyvinylidene fluoride/ perfluorosulfonic
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Fig. 12.1 A flow chart for the pollution control strategies reported in the present chapter

acid/ graphene oxides functionalized with polyethyleneimine (PVDF/PFSA/PEI-
GO) based hybrid membrane (Abraham et al. 2018a; Kumar et al. 2014; Hao et al.
2020). Surfaces can be broadly classified into bulk or nano, depends on its size,
structure and by their various properties. The main difference between them is that
the nanostructure’s sizes ranges from 1 to 100 nm at least in one dimension, and for
bulk structures have sizes more than 100 nm in all dimensions.

12.2.1 Bulk Surfaces

In general, regardless of its size, bulk material has constant physical properties.
Here, the grain size and its distribution, bulk density, moisture, and temperature are
the main parameters that lead to the properties of such surfaces. The percentage
of atoms present at the surface is infinitesimal comparative to the total number of
atoms present in the material if it is bulk in nature and have the size larger than one
micrometre.

12.2.2 Nano Surfaces

Nanostructured surfaces have long term potential to actively participate in the envi-
ronmental curative research. For nanostructures, as the size shrinks, the surface
area/volume ratio increase or in other words the fraction of atoms on the surface
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increases. This intense increase in the surface area to volume ratio at the nanoscale
influences the physical and chemical properties, and is the major cause for their
specific biological interactions and possible toxicity. Various size-dependent prop-
erties are found in these nanostructures, for instance, surface plasmon resonance in
some metal nanoparticles (eg. Au, Ag, Pt, etc.) (Abraham et al. 2018b), quantum
confinement in semiconducting quantum dots (eg. CdSe, PbSe, CdTe, etc.) (Holmes
et al. 2012), and superparamagnetism in magnetic materials (eg. Fe2O3 nanopar-
ticles) (Laurent et al. 2011). Nano surfaces can be prepared hard and robust, and
can tune their functionality and sustainability. Further, dirt-repellent, anti-fouling,
bacteria killing surfaces can be constructed from different nanostructures.

12.3 Modified Surfaces

The functionality of different surfaces can be improved by applying the function-
alization protocols of different molecules/ materials on these surfaces. Generally,
there are three kinds of functionalization approaches to modify the surfaces. It can
be done either by different molecules, nano structures or with polymers. The three
ways of functionalization approachesmentioned above alongwith an another surface
modification method—surface patterning and the tools using in characterising those
surfaces are described briefly in the following sub-sections.

12.3.1 Functionalization of Surfaces with Molecules

Various functional groups/ molecules such as amino groups, hydroxy groups,
proteins, peptides, surfactants, DNA, RNA, etc. can be functionalised on various
surfaces such as gold, silica, carbon nanomaterials, etc. to enhance the performance
of the surfaces for numerous applications like adsorption, photocatalysis, desalina-
tion, sensing, etc. (Rathinam et al. 2019; Oliveira et al. 2015; Thamer et al. 2019;
Zhu et al. 2020a; Srivastava et al. 2015). The approaches for the functionalization
of surfaces may vary for different functional entities. For instance, the experimental
protocol to make a surface functionalised with amino groups will be different than
that of making a surface functionalised with proteins. Further, there will be different
approaches to make the same functional group on a particular surface. Surface func-
tionalization will obviously change the surface properties; for instance, the surface
charge, hydrophilicity, etc.
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12.3.2 Functionalization of Surfaces with Nanostructures

Different nanostructures like nanoparticles, nanorods, nanotubes, nanowires,
nanodiscs, and nanosheets can be used on different surfaces either to make nanocom-
posites or heterostructures, which may have improved properties than that of the bare
surfaces (Abraham et al. 2015; Zhang et al. 2010). For instance, gold nanoparticles
grown on MoS2 nanosheets (Su et al. 2014), gold nanoparticles on indium tin oxide
(ITO) surface (Ma et al. 2009), and gold nanoparticles decorated on graphene surfaces
(Abraham et al. 2015).

12.3.3 Functionalization of Surfaces with Polymers

Different polymers, as like small molecules can be used to modify the surfaces to
make them more suitable for the desired function. For instance, membranes modi-
fied with polydopamine and graphene oxide (Li et al. 2020). Adding to this, well
promising polymer brushes, like poly(acrylamidoxime-co-acrylic acid) and polyacid
were fabricated and reported for their different applications such as heavy metals
adsorption, protein binding, etc. (Sun et al. 2006; Dolatkhah and Wilson 2016; Chi
et al. 2019).

12.3.4 Nanotextured Surfaces

Another way to modify the surface is by changing the surface profile by making
specific pattern or arranging particles on the surface in a such manner that it may
make a specific pattern (Zhao et al. 2011). Soft lithography, photo-lithography, and
electron beam lithography techniques are extensively used to fabricate such surfaces.

12.3.5 Tools Used for the Surface Characterization

The tools employed to characterise the surfaces have much importance in surface
science. Many characterization techniques such as x-ray photoelectron spectroscopy
(XPS), x-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR),
atomic force microscopy (AFM), scanning tunnelling microscopy (STM), trans-
mission electron microscopy (TEM), scanning electron microscopy (SEM), quartz
crystal microbalance (QCM), time-of-flight secondary ionmass spectrometry (TOF–
SIMS), energy-dispersive x-ray spectroscopy (EDX), etc. have been extensively used
in this context.
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12.4 Surfaces and Modified Surfaces for Pollution Control

12.4.1 Bulk Surfaces and Modified Bulk Surfaces

Often, the surfaces get covered by various dust particles over time. Such dust particles
attached on the surfaces may reduce the performance of the devices (eg, solar panels,
optical devices, solar water heaters, and more) they cover (Zaihidee et al. 2016;
Heckenthaler et al. 2019). To overcome this issues, there aremany studies on the self-
cleaningmechanism (also known as the ‘lotus effect’) to replicate suchmechanismon
engineered surfaces (Heckenthaler et al. 2019; Cheng and Rodak 2005). During the
self-cleaning process, water droplets roll or slide along a dust covered surface, so the
dust particles can adsorb to the water—air interface and thereby be removed from
the surface. So, self-cleaning surfaces are in forefront of research owing to their
wide range of applicability in solar cell panels, windows, food containers, paints,
fabrics, oil tubing, kitchen equipment, etc.(Dalawai et al. 2020; Peng et al. 2019).
Some surfaces have intrinsic cleansing property owing to their molecular structure,
reduced particle adhesion, water repellence, and through their surface roughness.
For instance, water repellent plants (eg. lotus leaf), animal skins, butterfly’s wings,
mussel inspired materials, etc. (Cheng and Rodak 2005; Hong et al. 2014; Cheng
et al. 2006). Further, there are many attempts to modify the bulk surfaces by the
introduction of different functional groups, surface charges, making the surfaces
porous, and coating the surfaces with other materials to make the surfaces more
resistant to the pollutants, and or to the foulants. Going briefly, Rathinam et al.
(2019) recently reported the role of surface charge and surface functional group in
controlling the silica scaling in brackish water desalination by employing AFM and
QCM techniques. They have concluded that the surfaces with positively charged
groups (eg. −NH2 ∼ −N + (CH3)3) induced fast silica precipitation than that of
negatively chargedor neutral groups (eg.−NH2/−COOH,−H2PO3,−OH,−COOH,
−CH3) (shown in Fig. 12.2). So, such negatively charged or neutral surfaces aremore
appropriate for membrane-based water desalination.

On a different perspective, biochar andmodified biochar possess promising poten-
tial to work as an environment friendly adsorbent for heavy metals from the aquatic
environment. Recently, Zhu et al. (2020a) had studied two modified biochar made
from porous biochar (PBC), namely, surface oxidized and surface aminated biochar
(OPBC and APBC respectively) and were tested for its cadmium (Cd) adsorption
capability. The APBC and OPBC showed an adsorption capacity of 23.54 and
19.04 mg g−1 respectively, and is about three times higher than that of bare PBC
(7.02 mg g−1). It was observed that the regions rich in π electrons, lone pair elec-
trons as well as electron donor groups had showed more adsorption. Among APBC
andOPBC,OPBC had plenty of electron donor groups, like−COOH and −OH, and
it was found that the main interaction for adsorption is in between these functional
groups and with Cd(II). In case of APBC, the amino group’s lone pair electrons
dominated the complexation of APBCwith that of Cd. Further, in an another biochar
based work, thiol-modifed biochar (BMS-biochar) was synthesized by ball milling
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Fig. 12.2 a Schematic representation for measuring the adhesion force between silica colloid and
different functional surfaces using AFM. b Interaction energy versus distance curve between the
negatively charged -COOH surface and silica colloidal probe. c for the positively charged −NH2
surface. dAdhesion/repulsion energy between silica probe and six different surfaces, plotted against
the calculated surface potential. Here the white circles represent the calculated energy and black
solid markers represent the measured energies. (Reprinted, with permission from Rathinam et al.
(2019). Copyright (2019) American Chemical Society)

the biochar with 3-mercaptopropyltrimethoxysilane (3-MPTS) (Lyu et al. 2020).
Ball milling enabled BMS-biochar to have large surface area, plentiful functional
groups, and to possess more negatively charged surface, there by more electrostatic
attraction. These properties resulted their higher removal efficiency of aqueous Hg2+

and CH3Hg+, which was 320.1 and 104.9 mg/g respectively. There are many more
reports describing the usefulness of bulk surfaces and modified surfaces to mitigate
the pollution (Cheng et al. 2006; Bhushan and Jung 2011; Blossey 2003; Lu et al.
2015; Genzer and Marmur 2008).
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12.4.2 Nanostructured and Modified Nanostructured
Surfaces

Recent couple of decades witnessed intense research on nanomaterials, function-
alised nanomaterials, core–shell structures, 2-dimensional (2-D) layered materials,
quantum dots, composite nanomaterials, etc. on pollution control applications, such
as photocatalysis, heavy metals/ toxic substances capture, particulate matter adsorp-
tion, oil removal, water desalination, etc. (Umrao et al. 2014; Leng et al. 2012; Yu
et al. 2018).Villa et al. (2019) recently developed a visible-light-driven bismuth vana-
date (BiVO4) micromotors without any functionalization. These micromotors were
able to swim individually or collectively by inducing light illumination and showed
high affinity to adhere with living microorganisms (eg. S. cerevisiae) as shown in
Fig. 12.3. The photoactivation of BiVO4 motors by visible light irradiation might
generate highly oxidizing radicals, that work as disinfection motile tools to remove
the microbial contamination in water.

Environmental pollution with different heavy metals such as lead (Pb), mercury
(Hg), cadmium (Cd), arsenic (As), chromium (Cr), etc. is always a major challenge
to tackle as their accumulation in our nature and its non-degradability. Adding to
that, it is crucial to remove cobalt {Co(II)} from the water bodies as it may be a
cause to many human diseases, besides it can also cause mutations in living cells.

Fig. 12.3 a Schematic representation for the photoactivation of BiVO4 micromotors under visible-
light for controlled cargo transportation, b another schematic to represent the mechanism for the
photocatalytic activation and their self-propulsion. On the inset showing a SEM image of one edge
of a BiVO4 motor with a scale bar of 500 nm (Reprinted, with permission from Villa et al. (2019).
Copyright (2019) American Chemical Society)
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Fig. 12.4 Plot representing
Co(II) adsorption capacities
at various ozone treatment
time of graphene oxide
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Interestingly, promising graphene oxides (GOs) with controlled oxidation degrees by
ozone treatment, showed Co(II) adsorption properties in aqueous solutions (Liu et al.
2016). So, the increased oxidation rises the amount of oxygen-containing functional
groups present on the GOs surfaces and at the same time decreases the sizes of GOs
sheets and this might facilitate their dispersion capabilities in aqueous solution. The
adsorption processes observed here was endothermic and spontaneous in nature and
followed Langmuir adsorption models and the pseudo-second-order kinetic models.
Here, the cobalt can make complex with the oxygen-containing functional groups
present on the GOs surfaces. For an increased ozone treatment time of GO showed
improved Co(II) adsorption capacities as shown in Fig. 12.4, which may be the
outcome of both the improved dispersion abilities and the increased oxygen species.
In an another report, chemically synthesised graphene (reduced graphene oxide)
was tested for its adsorption properties towards antimony {Sb(III)} from aqueous
solution (Leng et al. 2012). The study was carried out under various conditions, like
the contact time, solution temperature, pH, and initial concentration. Further, the
data were modelled using Langmuir and Freundlich isotherms and the experimental
data showed a well agreement with the pseudo-second-order kinetic model. The
adsorption capacity calculated as 8.056 mg/g and the experimental data showed a
well matched value 7.463 mg/g. Again, the system can also be re-used by taking
the desorbing agent 0.1 mol/L of EDTA solution and could be used as a promising
adsorbent in wastewater treatment. Yet in an another study, GO was evaluated for
removing sulfamethoxazole (SMX) and ciprofloxacin (CIP), two antibiotics in the
aquatic environment that have adverse effects to the microbial communities in the
aqueous solution (Chen et al. 2015). GO system showed an adsorption capacity 379
and 240 mg g− 1 for CIP and SMX respectively. Here, the electrostatic attraction is
the main cause for CIP adsorption and the SMX sorption was mainly controlled by
the –EDA attraction on the GO basal planes.
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There were many more studies on bare nanostructured materials which focusing
on their environmental remedial applications. Few of the reports are briefly discussed
in this paragraph. There was a study to demonstrate the photocatalysis of zinc oxide
nanowires (ZnONWs) growndirectly on amicrofluidic reactor for the efficient chem-
ical decontamination of water (Azzouz et al. 2018). As the photocatalytic medium
used here was in very close vicinity of the water flow path, the interaction time for the
purification performance was minimal. Even within <5 s and in one-pass, the degra-
dation efficiency was noted as 95%. Further, the system was successfully tested for
the removal of volatile organic compounds, which were usually difficult to remove
using other decontamination techniques. Yet in an another report, different crystalline
manganese oxide (MnO2) nanomaterials, including α-, β-, γ-, δ-, and E- were veri-
fied for its laccase-like catalytic activities and their capabilities in pollutant oxidation
in wastewater treatment and among them γ -MnO2 exhibited the best performance
(Wang et al. 2017). Further, two carbon nanomaterials (CNMs), namely, nanocarbon
(NC) and nanoporous carbon (NPC) were synthesized using the chemical vapour
deposition (CVD) arrangement by varying the process parameters (Ruparelia et al.
2008). Among NC and NPC, NPC tested greater sorption ability for heavy metals
like cadmium, lead, nickel and zinc compared to that of NC.

While looking on the various applications of modified nanostructures, the major
contribution arrives from photocatalytic activity. The principle of photocatalytic
activity lies on the absorption of photons of appropriate energy to overcome band
gap threshold. Here, the absorption of light by the specific system yields an excited
state electron and it is raised to the conduction band. This will facilitate the reduc-
tion of electron acceptors like H2 and O2. The electron holes which remain in the
valence band of these system and are able to oxidize the substrates adsorbed to the
surface. This oxidation of the surrounding environment assists single electron inter-
actions and successively stimulate the sequential degradation reaction (Kanan et al.
2020). Titanium dioxide (TiO2), Zinc Oxide (ZnO), Copper (Cu), based nanostruc-
tures were widely used in photocatalysis (Yoong et al. 2009; Lu et al. 2011). Titanium
dioxide (TiO2) is one of the most popular photo catalysts present owing to its non-
toxicity, self-cleaning, de-polluting, low cost, high oxidizing capabilities, and is easy
to immobilize on various surfaces (Kanan et al. 2020; Allen et al. 2008). TiO2-based
photocatalysts were extensively used for the degradation of organic pollutants and
pesticides and for the evolution of clean energy since last several decades. TiO2-
graphene surfaces were successfully examined for their photocatalytic degradation
ability either underUVor visible light through a number of reports (Zhang et al. 2010;
Umrao et al. 2014;Wang et al. 2019). For instance, nanocomposites of TiO2-graphene
had been tested for its gas-phase degradation of a volatile aromatic pollutant- benzene
present in air (Zhang et al. 2010). Akram et al. recently reported a cobalt hydroxide
modified copper oxide {Co(OH)2/CuO} nanocomposite for their successful organic
pollutants (eg. Rhodamine B) degradation under visible light domain with a reaction
rate constant of k = 0.864min−1 and a degradation time of 8min (Akram et al. 2020).
The light absorption capacity semiconductor materials can be improved by tuning
the bandgap of the materials and thereby can improve the photocatalytic perfor-
mance. Siligenes (gersiloxenes) are honeycomb-like 2D Ge/Si alloy equivalents of
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germanane and silicane (Zhao et al. 2020). These freestanding material, terminated
with − H/ − OH, have a general formula of Ge1−xSixH1−y(OH)y, x = 0.1 − 0.9).
The direct-gap gersiloxenes have a wide range of light absorption capabilities and
are suitable for light driven H2O reduction into H2 as well as CO2 reduction to CO. It
showed a CO production rate of 6.91 mmol g−1 h−1, along with an apparent quantum
efficiency of 5.95% at 420 nm (Zhao et al. 2020).

Very recently, Sun et al. (2020a), reported about GO based porous sponges (GPF
sponges) made up of GO, poly(vinyl alcohol) and formaldehyde solution for the dye
based pollution control or for the wastewater purification. The sponges showed a
maximum adsorption capacity of 476 mg g−1 for methylene blue along with a recy-
cling efficiency of above 86% after the 10th cycle. A study were there on surface
modified electrospun carbon nanofbers (ECNFs) for the removal of Pb2+ ions by
studying its adsorption onto the surface (Thamer et al. 2019). In this regardmelamine-
functionalized ECNFs as well as poly(mphenylene diamine)-functionalized ECNFs
were examined for their improved Pb2+ ions adsorption capacity along with adsorp-
tion rate. Yet another promising material, laser-induced graphene (LIG), which is a
three-dimensional (3D) porous carbon nanostructure formed by direct laser writing
on various polymers. There was a study where LIG was combined with 2-D GO to
make a separation membrane with improved properties (Thakur et al. 2019). In the
LIG-GO hybrid membrane fabricated, while increasing the quantity of crosslinked
GO on the LIG surface had shown an increased rejection of bovine serum albumin
(BSA) and an increased bacterial rejection from 20 to 99.9% for a mixed culture of
bacteria (~106 CFU mL−1).

Zhang et al. have reported a hybrid nanostructure prepared by encapsulatingZirco-
nium Oxide (ZrO2) nanoparticles into spherical polystyrene beads (MPS) (Zhang
et al. 2013a). Further, the negatively charged sulfonate groups were immobilized
onto this polymeric matrix, which would have enhanced the diffusion of positively
charged ions (here Pb(II) ions) inside the adsorbent through electrostatic attrac-
tion between them. The Zr-MPS based resultant adsorbent showed more sorption
toward Pb(II) than its simple equivalent mixture ofMPS and ZrO2. They had demon-
strated further the role of surface functional groups by encapsulating ZrO2 onto two
othermacroporous polystyrenewith positively charged quaternary ammonium group
(−N(CH3)3+) and neutral chloromethyl group (−CH2Cl) and also with commercial
granular activated carbon. These composite systemswere denoted respectively as Zr–
MPN, Zr–MPC, and Zr–GAC and the sequence of sorption capacities found as Zr–
MPS>Zr–MPN>Zr-GAC>Zr–MPC. It could be concluded that the charged groups
in the host resins increase the dispersion of embedded nanoparticles and further
enhance its reactivity and capacity for metal ions adsorption, thereby cleansing of
water bodies from toxic metals and other charged pollutants.

The crystalline material of metal—organic frameworks (MOFs), which possess
high porosity, tunable pore size, and with different functionalities showed their
promise towards pollutants capture (Zhang et al. 2016). Four uniqueMOF structures,
namely ZIF-8, UiO-66-NH2,MOF-199,Mg-MOF-74were processed and embedded
within three different polymers: polyacrylonitrile (PAN), polyvinylpyrrolidone
(PVP), and polystyrene (PS) to form nanofibrous filters (MOFilter) with a MOF
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Fig. 12.5 a Describes Particulate matter removal efficiencies of different filters tested at T =
23.4 °C, RH = 58.6%, PM2.5 = 350, PM10 = 720 μg/m3). b Represents the long-term removal
efficiencies of PM2.5 for ZIF-8/PANMOFilter in comparison with PAN filter. Inset table shows the
gravimetric and areal mass changes of the above two filters before and after PM capture. cMeasured
thickness of ZIF-8/ PAN MOFilter for 10 layers is 330 μm. d Optical and SEM micrographs of
the sample ZIF-8/PAN MOFilter before and after PM capture. (Reprinted, with permission from
Zhang et al. (2016). Copyright (2016) American Chemical Society)

loading of up to 60 wt %. This MOFilters showed the particulate matter removal
efficiency up to 88.33 ± 1.52% for PM2.5 and 89.67 ± 1.33% for PM10 and this
performance was even stable for over 48 h of continuous filtration ((shown in
Fig. 12.5).

AFM is a powerful instrument to study the adsorption in low dimension (nano and
sub-nanoscale) through its topographical imaging and forcemeasurements and is able
to provide more insights into the interfacial interactions between different species.
Zhu et al. (2020b) studied the interaction between nanocellulose surface with water
pollutants by exploring the above technique by modifying the AFM probes with
two types of nanocellulose, {2,2,6,6-tetramethylpiperidine-1-oxylradical-mediated
oxidized cellulose nanofibers (TOCNF) and cellulose nanocrystals (CNC)}. They
took themodelwater pollutants Cu(II) ions and theVictoria blueBdye for their inves-
tigation and found TOCNFmodified AFM tip showed higher adhesion force towards
Cu(II) ions and to the dye molecules in comparison to CNC modified tip. Further
to support this observation, they conducted classical reactive molecular dynamics
simulations and showed the Cu(II) ions adsorbed onto the nanocelluloses surface
through their co-operative chelating action of carboxyl and hydroxyl groups.
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Adding to above mentioned studies on nanostructured and modified nanostruc-
tured surfaces in a broad angle of pollution andor fouling control, therewere hundreds
of reports further on the same spectrum and fewmore were discussed in brief here. A
study on boron nitride nanosheets and nanotubes with different charge states showed
the adsorption capabilities towards CO2, CH4, and H2 (Sun et al. 2013). Airborne
elemental mercury (Hg0) adsorption was reported for 2D- MoS2 nanosheets owing
to its structural defects from S vacancy in the MoS2 (Zhao et al. 2019). ZnO/carbon
quantumdots based nanocomposites showed excellent photocatalytic activity (degra-
dation efficiency over 80%, 24 h) for the degradation of toxic gases like benzene
and methanol under visible light irradiation (Yu et al. 2012). Core–shell structure,
magnetic Fe3O4@poly(m-phenylenediamine) demonstrated for their Cr(VI) removal
performance by utilising both the separation ability of magnetic nanoparticles along
with the adsorption property of the polymers (Wang et al. 2015).

12.4.3 Membrane and Modified Membrane Surfaces

In general, a membrane performs like a barrier that prevents the passage of certain
constituents, however allowing others to pass through it. Selectivity and flux rate are
the key factors to determine the performance of a membrane. The removal mech-
anisms of membranes are commonly governed by their size exclusion or steric
hindrance based mechanism by low pressure membranes, adsorptive capability
towards specific contaminants by low pressure membranes, size exclusion/steric
hindrance mechanism by thin film composite (TFC) membrane, and by Donnan
exclusion/ charge-charge repulsion effect by TFC membrane (Abdullah et al. 2019)
(Fig. 12.6).

Different membranes based separation and/or purification is an evolving tech-
nology and have enormous potentials for several applications (Li et al. 2020; Werber
et al. 2016; Jiang et al. 2017). The applications ranges from wastewater treatment,
water desalination to separation and purification of large spectra of pollutants, and
above all shrink the global issues related to freshwater scarcity (Werber et al. 2016;
Cao et al. 2020). So, efficient and cost effective water purification and separation
methods are the requirement of the present world to mitigate the demand of a fast
growing world population. In this regard, several researchers are working across the
world for developing more productive membrane surfaces, mainly by modifying the
existing polymer based membranes. Desalting techniques based on nanofiltration
(NF) and electrodialysis (ED) and reverse osmosis (RO) technologies have been
extensively used in seawater and brackish water desalination along with waste water
treatment in last few decades (Werber et al. 2016; Walha et al. 2007).

Yet in an another study, halloysite nanotubes (HNTs) were directly anchored on
commercial nanofiltration (NF) membrane surface by dopamine modification (Liu
et al. 2020a). It was found that the hydrophilicity, surface roughness, anti-fouling
property and stability of the membrane got enhanced owing to the introduction
of HNTs to the NF membrane. The improved permeability was found to be 13.9
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Fig. 12.6 Schematic to represent the solute removal mechanisms for different types of membranes.
a size exclusion/steric hindrance mechanism, b adsorption mechanism, c size exclusion/steric
hindrance mechanism by thin film composite (TFC) membrane and, d Donnan exclusion/charge-
charge repulsion mechanism by TFC membrane. (Reprinted, with permission from Abdullah et al.
(2019). Copyright (2019) Elsevier)

L·m−2·h−1·bar−1 and the Cu2+ rejection ratio obtained was 74.3% for this modified
NF membrane. Here the enhancement in rejection ratio was a result of the synergy
between the increase in dopamine concentration on the membrane surface and HNTs
incorporation on the same surfaces. The active dopamine layer, that act as a separa-
tion layer, could efficiently prevent the penetration of heavy metal ions like Cu2+ and
Ni2+. Along with this, (–OH) and (–NH2) groups existed in the dopamine provided
effective adsorption sites to undertake chelation reactions with heavy metal ions.
As HNTs have huge specific surface area, abundant hydroxyl groups and plenteous
micropores, it adheres on the membrane surface by the adsorbent dopamine. This
result the effective adsorption of heavy metal ions and higher rejection ratio.

Multi-level structured membranes were prepared by metal–organic framework,
ZIF-8 and polyacrylonitrile (PAN), and then alternatingly stacking layers of PAN
nanofibers, via electrospinning (Wang et al. 2020). Subsequent acid and base treat-
ments on the membranes were allowed them to tailor the hydrophilicity of the fibre
surfaces and induced multiscale surface roughness, which facilitated both moisture
wicking and PM adsorption. This unique multilayer membrane composed of an
outer layer of super-hydrophilic nature, made of PAN fibres, a hydrophilic interme-
diate layer consisting porous PAN-ZIF-8 microfibers along with PAN nanofibers,
and a polystyrene fibrous inner layer which is hydrophobic in nature. The above
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resultingmembrane exhibits excellent removal efficiencies of particulatematter (PM)
of various sizes; 99.973% for 0.3–μm sized particles and �99.99% for particles of
with other sizes, at a low air resistance (pressure drop of 80.1 Pa).

A poly(vinyl alcohol)/chitosan (PVA/Chi) based nanofbers (NF)membranes were
fabricated using electro-spun technique and were tested for their selective heavy
metals (Pb(II) and Cd(II) ions) adsorption from wastewater samples in the presence
of diversmetal ions (Karimet al. 2019). In this report, amaximumadsorption capacity
of 266.0 mg/g was calculated for Pb(II) ions and 148.0 mg/g for Cd(II) ions. Here
the pseudo-second-order model obeyed the adsorption kinetics for these ions and
the equilibrium data were fitted well with the Langmuir adsorption isotherms model.
Further, parameters such as pH of solution, adsorbent dosages, contact time, and
initial concentrations were also having influence in the adsorption process.

A studybyEfomeet. al. showed the fabricationof electrospunnanofiber composite
membranes that contain water-stable MOFs particles supported on polyacryloni-
trile (PAN) nanofibers (Efome et al. 2018). The membrane performance towards
heavy metal ion adsorption in batch filtration was estimated on the basis of Cd2+

and Zn2+ ions sequestration. The maximum adsorption capacities observed for Cd2+

was 225.05 mg g−1 and for Zn2+ was 287.06 mg g−1. Here, the activation of porous
water-stable material (hydractivation) produced an expanded MOF with improved
adsorption potentials.

There were many more studies based on membranes and modified membrane
surfaces for environmental remedial applications. For instance, positively charged
NF membrane based on polyamide thin film with poly(amidoamine) dendrimer for
the rejections for toxic elements (Cu2+, Ni2+ and Pb2+) (Li et al. 2017); silicified
membrane for crude oil repulsion, improved protein interception (94.1%), and for
good antifouling (73.2% enhancement) capacity (Yang et al. 2020); modified poly-
acrylonitrile (PAN) membrane for heavy metal ions adsorption (Zhang et al. 2018);
sodium ionmodified carbon quantum dot based thin-film nanocomposite membranes
for arsenic and selenium removal (He et al. 2018); silver nanoparticles (Ag NPs)
immobilized on membranes for antibacterial properties (Qi et al. 2018); porous
polyvinylidene fluoride–graphene oxide nanofibrous membranes for selective sepa-
ration and filtration (Ghaffar et al. 2018); a composite membrane of zwitterionic
polymers and silver nanoparticles for antimicrobial activity (Liu et al. 2017); and
electrospun polyacrylonitrile nanofibers (EPNFs) for PM2.5 capture air-filter (Kim
et al. 2018) are few of them.

12.4.4 Polymer and Modified Polymer Surfaces

Polymers and modified polymers are extensively employed in pollution control
strategies. The major contribution of pollution in our aquatic system arises from
the increased industrial activities in its surroundings (Schwarzenbach et al. 2010;
Xue et al. 2017). So, it is essential to eliminate these aromatic contaminants such as
anilines, phenols, bisphenol, etc. from the wastewater. Many methods like oxidation,
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electrochemical degradation, photocatalytic degradation, adsorption-based separa-
tion andmembrane filtration have been applied for tackling such contaminated waste
water. Different polymer structure or with its different functionalised form are of
special interest to deal such pollution. For instance, a phenyl-rich β-cyclodextrin
porous cross-linked polymer solution system, namely, PCD-PCP was employed to
eliminate the aromatic pollutants (here, 2,4,6-trichlorophenyl and bisphenol A was
taken as model adsorbates) from water (Huang et al. 2020). The properties of the
composite system were able to be tuned by adjusting the crosslinking degree, porous
features, the nanostructure, and by the phenyl contents and thereby controlling the
adsorption capacities. In wide pH along with ionic strength, PCD-PCP(H) system
with high crosslinking density maintained a high adsorption capacity.

Porous cyclodextrin polymer (PBCD-B-D) was prepared and tested by Tu et al.
(2020) for the speedy removal of organic micro pollutants. Water-soluble pollutants
such as 3-phenylphenol, p-nitrophenol, 2-naphthol, and 4-chlorophenol were used
for this adsorption study. The PBCD-B-D based system showed high adsorption rate
with a removal efficiency above 95% in 1 min. Further, the PBCD-B-D system is
amphiphilic as it can be used to adsorb both the hydrophilic and hydrophobic pollu-
tants and have the potential to be used in water treatment. In an another study using
reflux procedure, seven different benzimidazole polymers (BINP) were prepared and
conjugatedwith porous silica through amine and aldehyde-basedmaterials (Marutha-
pandi et al. 2020). These polymers were then tested by thermal analysis for its quan-
tification towards the adsorption and desorption of CO2. All those polymers were
found good for adsorbing CO2 from a flowing stream (80 mL/min at 25 °C) but
the amorphous BINP showed better adsorption than the crystalline. For these poly-
mers, the adsorption capacities dependent upon their nitrogen content, pore size and
specific surface area.

There were reports on polymer stabilizers to mitigate issues of dust emission
from the bauxite residue drying areas (RDA) by forming a crust on those surface of
treated material (Ding et al. 2020). By using synthetic polymer polyacrylamide and
natural polymers xanthan gum and guar gum as stabilizers, it was found that thewater
retention property of treated red sandwas greatly improved.Yet in an another report, a
renewable natural polymer—Konjac glucomannan (KGM) and graphene oxide (GO)
were used to make a three-dimensional sponge network structure (KGM/GO) and
adsorption experiment was conducted for malachite green (MG) and radionuclide
uraniumU(VI) (Chen et al. 2018a). The sponge network showed excellent selectivity
for capturing U(VI) and adsorption capacities of 266.97 and 189.96 mg/g for U(VI)
and MG respectively.

A promising, wearable and self-powered air filter was recently prepared and
reported by exploring an ionic liquid–polymer (ILP) composite sponge network
(Zhang et al. 2020). This filter was made up of 1-alkyl-3-methylimidazolium
acetate along with few hydrophilic polymers {poly(acrylamide), poly(vinyl alcohol)
and poly (vinylpyrrolidone)} onto a melamine–formaldehyde (MF) resin sponge
network. This could be used to remove the particulate matter (PM) pollutants
including nanoscale particles (NPs) as shown in Fig. 12.7. Owing to the exceptional
electrochemical properties, the fabricated ILP@MF filter was able to remove PM2.5
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Fig. 12.7 a Schematic of the dip-coating process for the ILP@MF filter fabrication. b Optical and
SEM micrographs of the MF sponge (red background) and the ILP@MF filter (blue background).
c A schematic to illustrate the removal mechanism of multilayer ILP@MF filter. (Reprinted, with
permission from Zhang et al. (2020). Copyright (2020) Springer Nature)

and PM10 with efficiencies as high as 99.59 and 99.75%, respectively, once applying
a low voltage (3 V). Along with this, the charged ILP@MF filter also showed an
improved removal efficiency (93.77%.) for NPs.

High nitrogenous fertilizer inputs increase the reactive nitrogen levels in soil,
water and air, and this can change into a pollutant to the natural resources. By using
corn starch, a biodegradable carbohydrate polymer, was processed into a coating
material for reacting with urea and borate and showed better stability along with a
larger release time than that of uncoated urea (Ibrahim et al. 2020). In an another
study, graphene oxide (GO) is enwrapped on Polyethersulfone (PES) to make a
porous structure and tested for its function to remove dyes and other pollutions from
wastewater (Zhang et al. 2013b). The porous system showed an adsorption capacity
up to 62.5 mg/g for the dye Methylene Blue (MB). Further, there are many reports
which focuses on the development and fabrication of surfaces which have environ-
mental remedial, antifouling and/or foul release properties while taking different
polymers as examples (Lee et al. 2019; Zhan et al. 2011; Huang et al. 2015, 2014;
Tungittiplakorn et al. 2004).
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12.4.5 Hydrophobic and Oleophobic Surfaces

There are many plants, insects, and animals in our nature that can repel water and
many other low surface tension liquids like oil and organic solvents. Lotus leaves are
one of the best examples that exhibit superhydrophobicity. Various studies showed
that the surface chemistry and surface texture are the two major factors to be consid-
eredwhile fabricating liquid repellent surfaces (Peng et al. 2019). The hydrophobicity
of surfaces reduces the frictional force between water and that of particular surfaces.
This allow the water droplets to roll or slide along the surfaces with more easiness
than on hydrophilic surfaces. Hydrophobicity and superhydrophobicity (the contact
angles of water droplet on the superhydrophobic surfaces exceed 150°) have received
tremendous attention among researchers over the past few decades owing to their
extensive potentials in enhancing self-cleaning, anti-icing, and in antibacterial coat-
ings (Heckenthaler et al. 2019; Peng et al. 2019; Ruan et al. 2013). Many existing
polymeric materials like PET, PTFE, PDMS, polyethylene, and polypropylene are
hydrophobic in nature. So, it is possible to make large scale hydrophobic surfaces
and that can be utilised in different pollution control strategies and for other applica-
tions. Generally, there are three methods to create a superhydrophobic surface and
are listed below: (Yan et al. 2019).

(i) Roughening of an intrinsically hydrophobic substrate;
(ii) Roughening of an intrinsically hydrophilic substrate and successive conformal

deposition of a thin hydrophobic coating.
(iii) Fabrication of re-entrant roughness geometry on the substrate

Above mentioned processes can be achieved by various techniques like chem-
ical reaction, self-assembly, e-beam lithography, photolithography, electrospinning,
and by electrochemical deposition (Yan et al. 2019; Park et al. 2010). Yan et al.
recently made such a superhydrophobic surface having self-cleaning property (Yan
et al. 2019). Initially, hierarchical copper oxide (CuO) of high surface energy was
made from copper (Cu) by the laser processing as well as from the thermal oxida-
tion. Successively, by a passive and repeatable atmospheric adsorption of different
hydrophobic volatile organic compounds (VOCs); made up of alkanes, halogenated
hydrocarbons, aromatic hydrocarbons, and oxygen-containing organic molecules,
made the surface a stable superhydrophobic surface with an apparent advancing
contact angle ≈160°. So, by exploiting the volatile ‘pollutants’—thereby cleaning
the environment; attaining a self-healing, and long-lasting superhydrophobic surface
without the use of organosilane or polymeric coatings.

In an another report, a novel superhydrophobic sponge system was fabricated
based on porous polyurethane (PU) sponge by coating it on with zinc oxide (ZnO),
iron oxide particles (Fe3O4) and stearic acid (SA) (Tran and Lee 2017). A static water
contact angle of 161° is observed for this PU@ZnO@Fe3O4@SA sponge confirming
its superhydrophobicity. The above stable and re-usable sponge was capable of sepa-
rating different oils from water with an efficiency in separation over 99%. It can
additionally control by magnets to rapidly absorb oil floating on the water surface to
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Fig. 12.8 Soaking experiment conducted on hydrophilic PU and superhydrophobic
PU@ZnO@Fe3O4@SA sponges with methylene blue dye solution showed different wetting
behaviours. (Reprinted, with permission from Tran and Lee (2017). Copyright (2017) Springer
Nature)

have potential in marine oil spills and in other oil–water separation problems (shown
in Fig. 12.8).

Yet in another study on hydrophobicity and its cleansing property, ZnO nanoparti-
cles and SiO2 nanoparticles were coated on a glass substrate using an epoxy resin and
the nanoparticles were treated with 1H, 1H, 2H, 2H-perfluorodecyltriethoxydsilane
(FAS-17) (Peng et al. 2019). This surface showed excellent superhydrophobicity
along with high oleophobicity and the water and ethylene glycol contact angles
could be as high as 172 ± 2° and 157 ± 2°, respectively. The system is checked for
its self-cleaning and antifouling behaviours for liquid and solid pollution.

Kobayashi et al. reported about the polymer brushes, with two types of functional
groups; hydrophobic and hydrophilic and studied their surface wettability properties
(Kobayashi et al. 2012). The polyelectrolyte brushes made by surface-initiated atom-
transfer radical polymerizationmethod on silicon wafer surfaces showed surface free
energies of 70–74 mN/m which is close to the value for water. Here, the superhy-
drophilic polyelectrolyte brush showed the oil (for instance, silicone oil and hexade-
cane) detachment characteristics in water owing to its low adhesion force among
the hydrate brush and the oil (shown in Fig. 12.9). These findings contributed to the
antifouling and self-cleaning properties of these prepared polymer brushes towards
strategic pollution control. Finally, and interestingly, this approach for making a
superoleophobic water/solid interface relies on an ionic polymer based superhy-
drophilic surface,which is distinct from the usualmethods of using superhydrophobic
surfaces.
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Fig. 12.9 Optical images (side view) of a silicone oil droplet on different polymer brush surfaces.
a PFA-C8. b PMMA; c PMANa. d PSPMK. e PMTAC. f PMPC. g PMAPS brushes in water. and
h PMAPS brush in 1.0 M NaCl aqueous solution at 298 K. Contact angles of the oil droplet in
water and work of adhesion are mentioned under the images. (Reprinted, with permission from
Kobayashi et al. (2012). Copyright (2012) American Chemical Society)

Along with superhydrophobic surfaces, superoleophobic surfaces also have broad
potential applications in the area of pollution control. It can widely use in oil capture,
transportation, anti-oil adhesion, and for oil/ water separation (Chen et al. 2018b).
Chen et. al. recently reported such a surfacemade up of tannic acid (TA); amember of
the polyphenols family, coated copper surfaces which have exceptional underwater
super oil-repellent property (Chen et al. 2018b). Further, it was tested as a general
strategy to make the underwater super oil-repellent surfaces by the validation of it
for different oils and on various metal sheets as described in the Fig. 12.10.

In an another study using biomimetic TiO2—titanium meshes (BTTMs), succes-
sively demonstrated about a stable smart surface whichwas capable of treating corro-
sive oily wastewater in a controllable manner (Gao et al. 2019). This BTTM surfaces
possessed controlled wettability and could easily separate oil or water from an oil–
water mixture. So, this surface can be tuned its wettability between underwater
superoleophilicity to underwater superoleophobicity or vice versa by changing the
surface hydroxyl content by UV irradiation or heating. Further, even for extremely
corrosive oily wastewater, the BTTM surfaces upheld high separation efficiency
(>92%). Along with this, BTTM surface have self-cleaning and healing ability as
well as anti-oil-fouling properties, which is verymuch crucial for oil pollution control
strategies.

Guix et al. developed a SAM-Au/Ni/PEDOT/Pt based micromachines for the
successful interaction, capture, transport, besides the removal of oil droplets (Guix
et al. 2012). Here, to modify such surface to interact strongly with oily liquids, self-
assembled monolayers (SAMs) of alkanethiols was coated on the device’s rough
outer gold surface. This superhydrophobic layer make the machine to adsorb oil by
means of its strong adhesion with the SAM. The oil collection efficiency, and the
micromotor-oil interaction can be tuned by controlling the alkanethiol chain length,
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Fig. 12.10 Bar plots shows the underwater superoleophobicity and ultralow oil adhesion forces of
a various oils, b different TA-coated metal sheets. c Optical images show the absence of residual
oil (here, it was silicon oil dyed by oil red O with the viscosity of 14,000 cst) stained on different
TA-coated sheets subsequently washed with water compared to that of bare sheets. (Reprinted, with
permission from Chen et al. 2018b. Copyright (2018) American Chemical Society)

polarity, and the head functional groups present. So, such a system has huge potential
in collection of oils in oil-contaminated water OR for other water–oil separation
technologies.

Many other studies were there to explore the hydrophobicity/hydrophilicity/ oleo-
phobicity of the surfaces to environmental remediation applications. For instance, a
super-hydrophobic surfaces was made by the smart use of pyrolytic oils and gases
whichwere the outcomeof recycling technologies ofwaste printed circuit boards (Liu
et al. 2020b); a hydrophobic and oleophilic methyltrichlorosilane (MTCS) coated
chitin based sponge made by freeze-drying method as an effective remover of oil
from water (Duan et al. 2014); and many more (Wu et al. 2018; Feng et al. 2004;
Xue et al. 2011; Zhu et al. 2011).

12.4.6 Patterned/Textured Surfaces

Among the manmade contaminants and pollutants present in the world are mainly
composed of organic materials. Such materials usually will stick on the surfaces
which are superoleophilic in nature and are difficult to be removed from the surfaces.
So, to tackle this issues of oils and greases from the surfaces, it is crucial to develope
superoleophobic surfaces. Zhao et al. reported a method to make such surfaces on a
silicon wafer by creating some textured surfaces through photolithography technique
and successive chemical modification with a fluorosilane (Zhao et al. 2011). The
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Fig. 12.11 a SEM image of the textured FOTS surface on Si substrate. b Static contact angles
measured for water and hexadecane on the same surface, keeping a control measurement with
smooth FOTS/Si surface. (Reprinted, with permission from Zhao et al. (2011). Copyright (2011)
American Chemical Society)

patterns were made in such a manner that arrays of pillars with ∼3 μm diameter,
∼7μmheightwith a 6μmcenter-to-center spacing (shown inFig. 12.11). Further, the
side walls of each pillar were not smooth; but had some wavy structure of a∼300 nm
from top to bottom. The molecular vapor deposition technique was employed for
fluorosilane (FOTS) coating to make the surface oleophobic. Such surface exhibited
excellent repellency toward water and oil (eg. hexadecane) with contact angles at 156
and 158, respectively. The control experiments with the bare silicon surfaces (both
smooth and textured) for their contact angles showed that the superoleophobicity was
an outcome of both surface texturing and fluorination. Further, they had compared
two types of textured surfaces, one with smooth straight side wall pillars and other
with straight side wall pillars having a 500 nm re-entrant structure (made of SiO2)
and made the surfaces oleophobic with FOTS. In this case, the textured surfaces with
the re-entrant structure were both superoleophobic as well as superhydrophobic. So,
the study concludes that the wavy structure at the top of every pillar is the core
geometrical contributor to the surface’s superoleophobic property.

The intrinsic nanotexturing of hydrophobic surfaces improves the self-cleaning
efficiency as it further reduces the frictional force between water and the surface.
Further, the forces that act on the attached particles is an another important matter
to be take into account. The two prominent forces need to be considered are the
particle–surface adhesion force and the force of the water-particle-air line tension
put on to the particles. Very recently, Heckenthaler et al. (2019) demonstrated the
importance of textured surfaces in self-cleaning mechanism by conducting various
experiments on smooth/textured surfaces. They found that the superhydrophobic Si-
based nanotextured surfaces they made were much superior to hydrophilic smooth
Si-based surfaces in particle removal experiments. Here, the particle removal was
∼41% for hydrophilic smooth Si surface and 98% for superhydrophobic nanotex-
tured surface (shown in Fig. 12.12). So, the particle removal efficiency increases with
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Fig. 12.12 a and a′′ represent the schematic of the drop of water moving along the hydrophobic
smooth or hydrophobic nanotextured substrate through the microfluidic device, b–d represent the
fluorescent images of the smooth substrate, and e–g for the nanotextured substrates. Here, (b and
e) denote the particles present before the self-cleaningmechanism. The removal percentage is based
on four measurements in both smooth hydrophobic substrates and for the nanotextured hydrophobic
substrate. (Reprinted, with permission fromHeckenthaler et al. (2019). Copyright (2019) American
Chemical Society)

hydrophobicity of the surface and the hydrophobicity enhances with nanotexturing
on the surfaces.

In an another report about an ordered polystyrene microsphere-patterned surface
(MSPS), fabricated by the spin-coating technique, was used for the adhesion and
friction studies (Zhang et al. 2012). Further, 1- octadecanethiol (ODT) self-assembled
monolayer (SAM) was deposited on this MSPS system to monitor the effect of this
hydrophobic coating on the patterned surfaces. AFM technique using a colloidal
probe was used to check the adhesion and friction on the MSPS and the results
showed that the MSPS reduced the adhesion and friction compared to that of flat
surface. It is mainly due to the reduction in the contact area between the contacting
interfaces. Additionally, the introduction of a hydrophobic film onto this MSPS can
further reduce the forces of adhesion and friction owing to the meniscus-mediated
adhesion and friction reduction between interacting bodies.

Yet in an another study on aluminum substrate for the prevention of bacte-
rial attachment, oil-impregnated nanoporous teflon-coated hydrophobic anodic
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aluminum oxide (AAO) layers were syntesized and they have showed an enhance-
ment in the repellency to the water with a small sliding angle of 2° (Villa et al.
2019). This indicates its omniphobicity and that would effectively reduce the contact
of bacteria onto the surface of AAO. The antibacterial performance on this modi-
fied urfaces was successfully tested with model bacteria Escherichia coli K-12 and
Salmonella Typhimurium. Gyu Park et al. showed polystyrene (PS) nanoneedle
arrays of protruding tips having a tip diameter of around 20 nm, a pattern density
of 2.5 × 108/cm2 and showed 180° of advancing and receding water contact angles,
confiming its perfect hydrophobicity. (Park et al. 2010). Many more reports were
there on the same filed (Ma et al. 2017; Ding et al. 2019; Kharraz et al. 2020).

12.4.7 Magnetic Surfaces

Aunique physical property;magnetism,which independently helps inwater purifica-
tion technologies by influencing the physical properties of the contaminants present in
the water. Adsorption is a well-practised and effective technology to remove several
pollutants from the environment, especially pathogenic and polluting composites
from the water (Maksoud et al. 2020; Yu et al. 2020; Chen et al. 2009). Magnetic
materials/ magnetic nanoparticles have shown intense research interest in recent
years owing to its function to work as an efficient adsorbent (Maksoud et al. 2020;
Latour 1973; Kumar et al. 2020; Ambashta and Sillanpää 2010). By applying a suit-
able magnetic field, it is easy to remove pollutants from the waste water or from
any other contaminated system. Adding to the magnetism, the extraordinary surface
charge along with the redox activity characteristics contributes their qualification to
compete with other materials as an adsorbent.

There were a number of oil spill incidents and chemical leakages across the
world and it causes major threats to the coastal environment and oceanic ecosystem.
Therefore, to mitigate this severe environmental damage, it is the need of the
time to remove those large amounts of oil and other organic pollutants from the
water surfaces. Yu et al. (2020) has recently developed a three dimensional (3D)
magnetic, superhydrophobic/superoleophilic porous composite material for the effi-
cient adsorption of organic pollutants from water. The composite structure was
made up of polyurethane sponge along with high-density polyethylene (HDPE)
containing magnetic (Fe3O4) nanoparticles. Here, the magnetic-controlled elimi-
nation of underwater oil is supported by Fe3O4 particles. The superhydrophobic
nature of the functionalized polyurethane sponge network allowed the separation
of oil/water mixtures along with the demulsification of toluene/water emulsions.
The present system showed an oil absorption capacity of 15–52 gg−1 subject to
the organic solvent used and was stable for even 10 cycles. The presence of HDPE
coating contributed its exceptional stability of this composite system with acid, base,
salts, seawater or even with a temperature range, −20 to 105 °C. In an another study
to remove the oil and other organic pollutants from the water surfaces, magnetic
graphene foam loaded with magnetite (Fe3O4) nanoparticles were made to validate
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its applicability in the adsorption study (Yang et al. 2014). Advantages from the
porous structure along with the magnetic properties, the composite system showed
exceptional oil adsorption capacity in addition to its stability for different cycle, high
restoration for absorbates and excellent recyclability. The adsorption was calculated
according to the Eq. 12.1 mentioned below:

Q = WAfter − WBefore

WBefore
(12.1)

whereWBefore andWAfter were respectively the weight of magnetic graphene foam
before and after dipping in target liquids.

Yet, in another study, a composite system based on polyurethane foams function-
alizedwith superparamagnetic iron oxide nanoparticles and sub-micrometre particles
of polytetrafluoroethylene was investigated for separating oil fromwater (Calcagnile
et al. 2012). Here, the functionalization of the polyurethane foams with the poly-
tetrafluoroethylene made the system water-repellent and oil-absorbing (shown in
Fig. 12.13). Adding to this, the functionalization with iron oxide nanoparticles
provided itsmagnetic responsivity. Further, as the composite foams have lightweight,
they can float easily on water. So, moving these foams around the oil polluted waters
using amagnet, the system can absorb the floating oil from the polluted areas; results,
cleansing the water underneath.

Fig. 12.13 a–d Represents the optical images of mixed oil (blue colour) as well as water drop,
which are phase separated. Here, oil was absorbed immediately {shown by arrows in b} while water
remained on the surface. The time interval between (b and c) was less than 1 s (Reprinted, with
permission from Calcagnile et al. (2012). Copyright (2012) American Chemical Society).
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Amagnetic bifunctional β-cyclodextrin nanocomposite (Fe3O4@β-CD-CDI) was
tested against persistent organic pollutants (POPs) by Liu et al. (2020c) for its adsorp-
tion and degradation properties in aqueous solution. As it has a magnetic core, the
nanocomposite system can be separated and recycled from the solution by applying
an external magnetic field. Further, the same system is tested to function as a hetero-
geneous catalyst to remove bisphenol A (BPA) in presence of hydrogen peroxide
(H2O2). Yet another magnetic adsorbent based on CuFe2O4/activated carbon has the
synergic effect of adsorption features from the activated carbon and the magnetic
and the catalytic properties arises from the powdered CuFe2O4 (Zhang et al. 2007).
This system is used to adsorb acid orange II in water and can be easily separated
from the medium by the simple magnetic technique.

Self-cleaning and antifouling capabilities of membranes are always a challenge
to achieve in the fabrication process of membranes. So, a novel method was imple-
mented by arranging magnetic TiO2@Ni particles onto a polyether sulfone (PES)
membrane surface by applying an externalmagnetic field (Sun et al. 2020b) (shown in
Fig. 12.14). A flux of 871.2 ± 2.9 L.m−2.h−1.bar−1 was achieved by this composite
membrane and had five times as large as the flux of the pristine PES membrane.
Further, it had an advantageous rejection (95.85%) of bovine serum albumin (BSA)
than that of the pristine PES membrane. Along with this, the composite membrane
system possessed a self-cleaning property under UV light and sunlight. A flux
recovery ratio of 75.4, 99.56, 92.11 and 98.26% for BSA, yeast extract fermen-
tation, ammonium alginate and humic acid solutions respectively were found after a
self-cleaning process.

The coal combustions usually cause the emission of mercury (Hg) and it is one
of the main sources of anthropogenic mercury emission. These Hg species mainly

Fig. 12.14 Schematic illustrations to show themovement ofMNPs in a casted liquidPESmembrane
and the photodegradation pathway. (Reprinted, with permission from Sun et al. (2020b). Copyright
(2020) Elsevier Inc.)
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present as elemental mercury (Hg0), particulate-bound mercury (Hgp) and oxidized
mercury (Hg2+). Flue gas desulfurization (FGD) and electrostatic precipitator (ESP)
canbe employed to removeHgp andHg2+ but cannot removeHg0. So, amongdifferent
Hg species, gaseous Hg0 is the main species emitted by coal-fired plants to the
environment. So a H2S-modified Fe–Ti spinel was developed by Zou et al. (2017)
as a recyclable magnetic sorbent to recover the Hg0 species from flue gas as an
additional advantage from the wet electrostatic precipitators. At, 60° C, the system
showed an approximate adsorption rate of 1.92μg g−1 min−1 alongwith a capacity of
0.69mg g−1 owing to the presence of S22− on its surface. Further, the system is almost
stable for the five cycles tested for Hg0 capture, Hg0 recovery, as well as the sorbent
regeneration. The chemical adsorption reaction of Hg0 onto the H2S-modified Fe−
Ti spinel is approximately described as follows:

Hg0(g) → Hg0(ad) (12.2)

Hg0(ad) + S2−2 → HgS + S2− (12.3)

Equation 12.2 represents the physical adsorption of gaseous Hg0 on the surface,
while the formed Hg species is HgS as in Eq. 12.3.

In an another study, adsorption and catalytic reduction of environmental pollu-
tants were investigated by employing a magnetic carbon nanotube-reduced graphene
oxide-silver nanocomposite based system (Islam et al. 2020). The catalytic activity as
well as the fast and efficient adsorption of the nanocomposite system was confirmed
at variable pH. The model toxic dye, methylene blue (MB), as well as the aromatic
nitro compound, 4-nitrophenol (4-NP) were tested with this composite structure and
the system found to be highly recyclable (more than 15 cycles). Further, Hu et al.
(2020) prepared a magnetic β-cyclodextrin polymer (MNP-CMCDP) with several
macro pores and ultramicropores in aqueous phase. Using that polymer system,
several pollutants such as BPA, MB, RhB, Cr(III), Pb(II), and Cu(II)) were removed
efficiently from the aqueous solution. Yet, in an another study based on magnet-
responsive oil-degrading bacteria, Brevibacillus parabrev, was conducted succes-
sively to remove various oil pollutants from the water under an external magnetic
field (Cheng et al. 2020). In this regard, the oil-degrading bacteria were coated with
magnetic Fe3O4 nanoparticles shell using polycations and those bacteria showed
excellent pickering emulsification for oil.

Many more other reports were there in utilising the magnetic property of the
materials to adsorb pollutants from the water and air medium. Magnetic MCM-41
was prepared by embedding iron oxide nanoparticles in MCM-41 and is tested for
its selective adsorption of chromium(VI) as well as arsenic(V) (Chen et al. 2009). A
shape tunedAg core and Fe3O4 shell nanohybrids synthesisedwhich is water-soluble
in nature and possessed substantial superparamagnetic properties, resulting efficient
magnetic separation (Zhai et al. 2011). In an another study, magnetic Fe–Zr binary
oxide was prepared and explored as an adsorbent to remove phosphate from aqueous
solution (Long et al. 2011). Fe3O4/SiO2-Thiotet-Cu (II) used as a nanocatalyst in the
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reduction of Congo Red, Methylene Blue, hexavalent chromium, 4-nitrophenol in
aqueous solution (Nasrollahzadeh et al. 2020). Further, more studies were reported
on the same area (Ambashta and Sillanpää 2010; Chen et al. 2011; Mohammed et al.
2017; Li et al. 2019b; Özdemir et al. 2019).

12.5 Summary, Conclusions and Future Research

The present chapter discussed in detail with recent reports, the various environ-
mental remedial strategies focusing on some major forms of surfaces along with
their modifications to improve the performance. In this regard, various surfaces
have been extensively described in this chapter based on their size, structure and
physical–chemical properties. So the surfaces are classified into bulk, nano, poly-
meric, membrane, hydrophobic, oleophobic, patterned, and magnetic surfaces in
this chapter. So, several materials and modified materials like biochar, BiVO4, TA-
coatedmetal sheets, GO, TiO2, GO@PDA-M, GO-PEI-PES, etc. have been explored
in detail focusing on their different environmental remedial applications like adsorp-
tion, oil–water separation and capture, photo catalytic degradation, anti-bacterial
properties, etc. In general, the modifications of the surfaces with different molecules,
nanoparticles, and polymers found to have improved the environmental remedial
capacity of the surfaces as it increases the active sites and that would favour higher
uptake of contaminants. On the same time, it is still premature to predict the wide
scale applications of these different surfaces, especially the nano structured/patterned
and hydrophobic/oleophobic surfaces in environmental remedial needs owing to
the cost-effectiveness, mass production difficulties, technical challenges, and funda-
mental questions of these material’s influence in long term to the ecosystem and to
the human beings. Nevertheless, these surfaces and modified surfaces could offer
great potentials and we can expect more revolutionary applications in the area of
environmental healing in accordance with the advances in the fundamental physics,
chemistry and engineering techniques and may expand the horizons and open up
new windows to save our planet.
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