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Preface

Nanotechnology is one of the fastest growing fields in the scientific and industrial
applications. It has applications in various domains from process development and
intensification to energy and environmental sector. This book covers the potential
applications of nanoscience and nanotechnology to promote eco-friendly processes
and techniques for energy and environment sustainability. The goal of this book is
to promote eco-friendly processes and techniques by covering various aspects of
both the synthesis and applications of nanoparticles and nanofluids for energy and
environmental engineering. The book highlights the development of reliable, eco-
nomic, eco-friendly processes through advanced nanoscience and technological
research and innovations. It not only covers detail of advanced nanotechnology
research in energy and environment sectors but also bridge the gap between existing
nanotechnology innovations and requirement of industries.

With an objective to benefit larger scientific community, the intended audience
of the book consists of academicians and researchers working in the field of nan-
otechnology or nanomaterials, especially as applied to energy and/or environmental
sustainability engineering. Graduate students in the same areas will also find it a
valuable resource.

The book comprise of 25 contributed chapters with prime focus toward the scope
and challenges with nanomaterials synthesis and applications considering energy
and environment issues in the current scenario.

Chapter “Synthesis and Characterization of Nanofluids: Thermal Conductivity,
Electrical Conductivity and Particle Size Distribution” is focused toward synthesis
and characterization of a new type of fluid, called nanofluid. The properties of the
nanofluid such as thermal conductivity, electrical conductivity, etc. have been
discussed and summarized. The several factors that are responsible for the alteration
of the properties of nanofluids along with its distinctive applications in various
engineering fields are reviewed and discussed.

Chapter “Synthesis, Characterization, andApplication ofBiogenicNanomaterials:
An Overview” provides a review on current potential applications of nanotechnology
into the bio-environmental systems and its correlation with the synthesis of biogenic
nanoparticles. Green nanotechnology is implementation of green chemistry and green
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engineering principles in the field of nanotechnology to influence the size of
nanoparticles within a nanoscale range to make biogenic nanoparticles which can be
useful in solving serious environmental problems in the area of wastewater treatment,
pollutant removal, fatal diseases, climate change, and solar energy conversion.

Chapter “Thermal Plasma Processes and Nanomaterial Preparation” describes
the basics of plasmas, types of plasma and nanoscience, and use of plasma in
material processing, especially in preparation of nanomaterials. Plasma here refers
to the fourth state of matter which has wide-ranging applications, ranging from
industrial to biomedical. Primarily, the energy content in a plasma state is orders of
magnitude higher than the energy content of the other three states of matter.

Chapter “Peptide Nanotubes: A Crystallographic Approach” focuses on peptide
self-assembly formed by non-coded amino acids and formation of different
nanostructures using crystallographic approach. Molecular self-assembly has led to
a breakthrough in the field of nanomaterials. This has also resulted in myriad of
potential applications in biology and chemistry. Peptides have proven to be the
most promising platforms owing to their biocompatibility and diversity. They are
also most studied among the other classes of organic building blocks due to their
uncanny resemblance with the proteins.

Chapter “Halloysite Nanotubes: An ‘Aluminosilicate Nanosupport’ for Energy
and Environmental Applications” highlights the usage of environment-friendly
nanomaterial Halloysite Nanotube (HNT) as nanosupport systems to immobilize
various types of guest molecules. These materials, which are naturally available, are
clay-based aluminosilicate nanomaterial, which has attracted attention of many
environmental researchers in recent times. Further, the use of such ‘guest
molecule-HNT’ based nanosupport systems for the remediation of environmental
pollutants, as well as for energy applications has been discussed. In recent years,
emergence of nanotechnology-based materials has proved to be a helping hand in
many applications in various sectors. However, the use of eco-friendly nanoma-
terials provides an upper hand over other nanomaterials for such applications.

Chapter “A Review on Contemporary Hole Transport Materials for Perovskite
Solar Cells” presents a review focused on different types of hole-transporting
materials (HTM) under research over the past few years in the perovskite-based
solar cell (PSC) in achieving the goal of higher power conversion efficiency
(PCE) and operational stability. HTMs are an indispensable part of PSC which
affects both efficiency and stability. An overview of different types of HTMs (or-
ganic, inorganic, and polymeric) are presented detailing its structure, electro-
chemical, and physical properties, while highlighting several considerations for
making a choice for a new HTM for PSC.

Chapter “Conjugation of Nanomaterials and Bioanodes for Energy Production in
Microbial Fuel Cell” deals with the basic idea of microbial fuel cell (MFC) and its
limitation. The use of nanoparticles as a solution for power enhancement in an MFC
reactor is also elaborated in the chapter. The MFC reactors can be the added as one
major area for application of nanoparticles. The use of surface enhancement property
of nanomaterials can be applied in the field of biotic energy generation and simulta-
neouswaste treatment technology. The two goals are targeted underMFC technology.
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Chapter “A Model for Electro-osmotic Flow of Pseudoplastic Nanofluids in
Presence of Peristaltic Pumping: An Application to Smart Pumping in Energy
Systems” reveals the formulation of the model that can be useful in the experi-
mental designs of smart nano-electro-peristaltic pumps; in addition, it can also be
extended to nanotechnological applications, smart drug delivery systems, and
various transport phenomena of environmental systems. The model presented in
this chapter assumes that the movement of the fluids can be controlled by elec-
troosmotic force generated as a result of an external electric field. A pseudoplastic
fluid model is assumed as appropriate to compute the non-Newtonian effects.
Nonlinear formulation present in the model is simplified with the help of lubrication
theory and Hückel–Debye approximations. Modeled governing equations are
solved to determine the flow, temperature, and electric potential fields. The flow
behavior and thermal characteristics are simulated as a function of physical
parameters.

Chapter “Synthesis of Nanomaterials for Energy Generation and Storage
Applications” highlights the detail of polymer electrolyte membrane (PEM) fuel
cell. It is a device in which an electrochemical reaction occurs between fuel and
oxidant producing electricity, and water is the only by-product with zero emission.
Different supported catalysts have been proposed to improve electrochemical sta-
bility of nanoparticles in PEM fuel cells and supercapacitor. Usually, Pt nanopar-
ticles prepared on carbon support used for oxidation and reduction reaction in PEM
fuel cells. The encapsulation of carbon with polyaniline (PANI)-supported Pt
enhances the electrode stability in fuel cells by enhancing the active surface area
(EASA), chemical resistance, and electron conductivity.

Chapter “Interaction of Heavy Crude Oil and Nanoparticles for Heavy Oil
Upgrading” discusses the role of nanomaterials in the development of heavy oil
recovery. Different types of mechanisms which explain the effects of nanoparticles
and their interaction with oil and its constituents are highlighted. The effects cou-
pled with the use of various thermal treatment schemes have been explained. Scope
of applicability in the field of flow assurance has been discussed. The use of
nanoparticles in improving the existing EOR applications and devising new ways to
achieve production of heavy fractions has been highlighted.

Chapter “Application of Nanoparticles-Based Technologies in the Oil and Gas
Industry” addresses the role of nanotechnology in different jobs played in the oil
and gas industry such as exploration industry, drilling and production, refining, and
processing and in enhanced oil recovery. Besides different types of nanoparticles,
nanoemulsions, nanosensors, and nanofluids available for these applications have
been discussed. Moreover, the mechanisms which reflect the activity of these
nanomaterials have been explained individually. The chapter discusses how
nanotechnology-based technologies can achieve more efficient, effective, and
potential impact in the oil and gas industry.

Chapter “Effect of Nanoparticles on the Performance of Drilling Fluids” elab-
orates the application of various types of nanoparticles/nanocomposites to enhance
the rheological and filtration properties of the drilling mud. Due to the extinction of
conventional reservoirs, it is imperative for engineers to find the unconventional oil
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and gas resources. Drilling an unconventional field requires engineered drilling
fluids because an efficient drilling operation purely depends upon the performance
of drilling fluid. Drilling fluid which is a combination of solids and fluids performs
many functions such as cooling the drill bit, cleaning the wellbore, maintaining the
wellbore pressure, and development of a filter cake to prevent the invasion of fluid
into the formation.

Chapter “Interaction of Nanoparticles with Reservoir Fluids and Rocks for
Enhanced Oil Recovery” details the types of NPs, preparation, and their charac-
terization with the application of various nanoparticles in chemical enhanced oil
recovery (CEOR). Limitation of NPs application in chemical enhanced oil recovery
area is spelled out clearly with the recommendation at the end. The chapter focuses
on work carried out by the researchers on chemical and rarely on thermal, gas
injection, and biological EOR methods using NPs and their impact on the viscosity,
interfacial tension (IFT), and wettability the major influencing factors for EOR. The
authors intend to make the reader understand the pore-scale mechanism behind the
enhanced oil recovery.

Chapter “Versatile 1-D Nanostructures for Green Energy Conversion and
Storage Devices” reveals the updated literature survey on green synthesis of 1-D
nanostructures applied in photovoltaic solar cells (PSC) and energy storage systems
(ESS). Increasing population and living standards demands high energy provisions;
but considering pollution issues and depleting fossil fuel reservoirs, the fulfillment
of the energy demands through eco-friendly/green renewable energy technologies
have become an urgent need. Among all renewable energy systems, photovoltaic
solar cells (PSC) with energy storage systems (ESS) such as batteries or superca-
pacitors have attracted great attention as the next generation of energy suppliers.

Chapter “Nanoporous Polymeric Membranes for Hydrogen Separation” sum-
marizes detail of H2 gas separation based on the different membranes and
approaches to prepare hydrogen-selective membranes. Among all renewable energy
sources, hydrogen has been found more attractive energy carrier due to high effi-
ciency and cost-effective, sustainable energy source. For practical use of H2 as an
energy source, it should be separated from a mixture of gases by using
hydrogen-selective membranes.

Chapter “Functionalized Nano-porous Silicon Surfaces for Energy Storage
Application” highlights the importance of electrochemically prepared porous sili-
con where the physical properties, e.g., pore diameter, porosity, and pore length that
can be controlled by etching parameter and the functionalized nanostructured sur-
faces of porous silicon, might be the key material to develop high energy storage
electrodes. Storing power from several intermittent sources has been a great interest
of scientific community and grows as the renewable energy industry begins to
generate a larger fraction of overall energy consumption.

Chapter “Optimization of MAPbI3 Film Using Response Surface Methodology
for Enhancement in Photovoltaic Performance” details the optimization of process
parameters for the deposition of methylamine lead iodide (CH3NH3PbI3 or
MAPbI3) film using parametric study and response surface methodology (RSM).
The independent parameters to be optimized are PbI2:CH3NH3I ratio (1:2–1:4), spin
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speed (2000–3000 rpm), and annealing temperature (60–100°C). The dependent
parameter considered in this study is power conversion efficiency (PCE) of per-
ovskite solar cell (PSC) fabricated using MAPbI3 layer.

Chapter “Application of Nanotechnology in Diagnosis and Therapeutics”
emphasizes on the evolution of nanoparticles to meet the challenges relevant to
healthcare system. In terms of human healthcare and therapy, nanoparticles are
expected to contribute in drug delivery and regenerative medicine with its ability to
target the source of disease with increased efficiency and minimal side effects.
Nanomedicine offers several advantages, such as protection of the payload from
degradation in both in vitro and in vivo milieu, facilitation of controlled release of
entrapped drugs, prolonged therapeutic effect, and enhancement of targeted delivery
along with diminished side effects. Nanotechnology has proved to address some
of the problems related to diagnostics, therapeutics, and biomedical aspects.

Chapter “Designing Novel Photocatalysts for Disinfection of Multidrug-
Resistant Waterborne Bacteria” reveals the detail of photocatalysis, a subsidiary
of advanced oxidation processes for water decontamination. The already existing
photocatalysts like titanium dioxide and zinc oxide are being depleted to their core.
So, newer and novel photocatalysts need to be developed with a more proficient,
eco-friendly, and bio-compatible approach. The detail in the chapter aims to have a
closer look at the existing disinfection techniques and the emerging players in the
field of photocatalysis.

Chapter “Magnetic Nanoparticles: Green and Environment Friendly Catalyst for
Organic Transformations” highlights the detail of magnetic nanoparticles or mag-
netic core–shell nanoparticles that have gained a significant place due to their
paramagnetic nature facilitates the separation of catalyst through the use of an
external magnet which makes the recovery of catalyst easier and prevents loss of
catalyst associated with conventional filtration or centrifugation methods.
Additionally, the possibility of reusability and milder reaction conditions further
enhance the potential of nanoparticle catalyzed organic transformations.

Chapter “A Comprehensive Characterization of Stress Relaxed ZnO Thin Film
at Wafer Level” explores the impact of sputtering parameters on structural, optical,
and mechanical properties of reactive magnetron sputtered ZnO thin film. Stress
relaxed and room temperature deposited ZnO film is highly desirable from fabri-
cation aspects. Theoretical model has been proposed to understand the conse-
quences of oxygen-induced stress in ZnO thin films. It is established that nearly
stress-free, single-phase, and highly c-axis oriented ZnO thin film can be deposited
using a unique combination of sputter parameters.

Chapter “Microstructurally Engineered Ceramics for Environmental Applications”
focusses on use of microstructurally engineered ceramics for environmental applica-
tions, e.g., in the development of materials that can be used for treatment of industrial
wastewater. It is well known that industrial wastewater contains toxic ions and dyes.
When such contents cross the permissible limit, it may become an issue of major
environmental concern. The presented work demonstrates the use of microstructurally
designed, phase pureMg(OH)2 nanoplatelets 99.99%adsorptionof the toxicCu (II) ion.
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Chapter “Eco-friendly Surface Modification and Nanofinishing of Textile
Polymers to Enhance Functionalisation” gives brief information about the appli-
cation of non-thermal atmospheric pressure plasma and nanotechnology in the
fields of textiles. The chapter reviews the recent studies involving modification and
characterisation of textile highlighting plasma and nano pretreatment. This chapter
also attempts to give an overview of the literature on treatment of textiles cate-
gorizing them on the basis of different functional properties like antimicrobial, UV
resistance, easy care, dye adsorption, and flame-retardant finishes that could be
achieved by the application of metal and metal oxide nanoparticles and enhanced by
plasma pretreatment.

Chapter “Removal of Ni(II) and Zn(II) from Aqueous Media Using Algae-
Sodium Bentonite Nanocomposite” enlightens the utilization composite, made by
mixing dead Spirogyra algal biomass with nano-bentonite clay, to study the
adsorption of Ni(II) and Zn(II) as a function of pH, contact time, adsorbent dosage,
and initial ion concentration. An average crystal size of the composite synthesized
was found to be 34.11 nm. Langmuir adsorption isotherm and pseudo-second-order
models were found to be the best fit for equilibrium data, highlighting the potential
of algae bentonite composite as possible feedstock for adsorption of heavy metals
from aqueous media.

Chapter “Nucleic Acid Based Nanoconstructs for Environmental Analysis in
Atypical Contexts” highlights the use of biomolecules toward environmental
analysis that provides impressive advantages in terms of selectivity and efficiency.
A proof-of-concept of nucleic acid based nanoconstructs as a reusable adsorbing
agent is presented in the chapter. Immobilization of the nucleic acid architectures on
magnetic nanoparticles enables their reuse across samples. Inherent sophistication
of biomolecules in general and nucleic acid based constructs in particular supports
their deployment in specialized applications at a smaller scale pertinent to indi-
vidual human activity. The perspective presented in this chapter is expected to
encourage environmental engineering in distinctive and atypical contexts.

We would wish to convey our gratitude to all authors for their significant
contribution in the form of chapters for this book. We also acknowledge the support
provided by Neeraj Gaur and our doctoral students (Gomathi, Umasankar, Rohan,
Shruti, Mona, Mumal, and Priyanka) during the process. The support provided by
family members is immense without which the book could not have seen the light
of the day. Our special thanks to Springer Publication team especially Renette
Francis Irine and Charlotte Cross for their constant cooperation.

Jaipur, India Dr. Lalita Ledwani
Chennai, India Dr. Jitendra S. Sangwai
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Synthesis and Characterization
of Nanofluids: Thermal Conductivity,
Electrical Conductivity and Particle Size
Distribution

Divya P. Barai, Kalyani K. Chichghare, Shivani S. Chawhan
and Bharat A. Bhanvase

Abstract A new type of fluid, called nanofluid, has found numerous applications
in engineering sector due to its outstanding properties. These are known as sus-
pensions of nano-sized particles in fluids called basefluids. The suspension of these
nanoparticles in the basefluid shows significant influence on its physical properties.
In view of this, in the present book chapter, the properties of the nanofluid like its
thermal conductivity, electrical conductivity and so on have been discussed and the
notable studies carried out in the past have been summarized. Several factors that
are responsible for the alteration of the properties of nanofluids at varying degrees
are identified and discussed in this chapter. Further, these properties contribute to
the distinctive applications of nanofluids in various engineering fields, which are
reviewed and discussed in this chapter.

Keywords Nanofluids · Thermal conductivity · Electrical conductivity · Particle
size distribution (PSD) · Basefluid

1 Introduction

Owing to the ever-increasing need for heat management at micro level, such as com-
puter chips, andmacro-level, such as car engines, cooling and heat transfer has gained
a lot of importance in domestic as well as industrial systems and technologies. It is a
general truth about solids that they possess higher thermal conductivity than liquids.
The great scientist James Clerk Maxwell (1881) developed the fact that solids dis-
persed in liquids enhance the thermal conductivity of those liquids, and that is when
studies for enhancement of thermal properties of conventional heat transfer liquids
gained an impetus. Millimetre or micrometre-sized particles were used to conduct
these studies. But, the major issue coming in the way of using these particles was
that they settle very rapidly in liquids and may also cause abrasion, clogging and
additional pressure drop (Das et al. 2006). These issues limit the use of conventional
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solid–liquid suspensions as practical heat transfer fluids. The rise of nanotechnology
has created the possibility of producing nanoparticles which are characterized by the
particle sizes below 100 nm. Nanofluids, a new group of heat transfer fluids, acquired
by dispersing and suspending nanoparticles with typical dimensions of the order of
1–100 nm were found by Choi (1995). The main objective behind using nanofluids
is to attain higher thermal properties and uniform and stable dispersions of nanopar-
ticles. In order to achieve this objective, it becomes essential to understand how
nanoparticles intensify energy transport in liquids. Since Choi (1995) formulated
this new concept of nanofluids, many scientists expeditiously developed nanofluids
and found scientific facts not only on enhanced thermal properties of nanofluids, but
signifying new mechanisms that play major role in enhancing the thermal properties
of nanofluids and expanding new mathematical models for the nanofluids. The type
of nanoparticle, its size, shape and distribution are dominant properties that cannot
be effortlessly measured but affect the thermal transport properties of the nanofluids.
Other important factors include type of basefluids used, the method for the prepa-
ration of nanofluid, usage of surfactants and dispersing additives, pH, temperature,
viscosity and other physical properties. Two nanofluid samples with different type of
nanoparticles and amount of surfactants and/or pH adjusters while keeping all other
parameters constant may result in different thermo-physical properties.

Many researchers have studied nanofluids containing Al2O3 nanoparticles (Hey-
hat et al. 2013; Sokhansefat et al. 2014; Usri et al. 2015), Cu nanoparticles (Eastman
et al. 2001; Yu et al. 2010) or carbon nanotubes (CNTs) (Jiang et al. 2015; Leong et al.
2016) and found remarkable increase in thermal conductivities. Hence, nanofluids
have gained attention in various heat transfer applications. There are various possi-
ble applications of nanofluids, which include transportation (engine cooling/vehicle
thermal management) (Azimi and Ommi 2013; Sidik et al. 2017), electronics cool-
ing (Khaleduzzaman et al. 2015; Roberts and Walker 2010), nuclear systems cool-
ing (Mahmud et al. 2016), heat exchangers (Bozorgan and Shafahi 2017; Li et al.
2018), fuel cell (Islam et al. 2015; Zakaria et al. 2016), solar water heating (Kasaeian
et al. 2015), chillers (Liu et al. 2011), lubricants (Mao et al. 2014), thermal storage
(Harikrishnana et al. 2013); (Chieruzzi et al. 2013) and many others.

As the thermal transport properties have been largely studied, researchers then
turned towards finding and analysing the electrical conducting properties of the
nanofluids. Maxwell’s model (Maxwell 1881) is found to be the pioneer in determin-
ing the electrical conductivity of the nanofluids theoretically based on the physical
properties of the nano-sized particles and basefluid. These properties of the nanoflu-
ids are affected by many factors, one of which is the particle size distribution of the
nano-sized particles in the nanofluids. Particle size distribution gives the amount of
particles according to their sizes present in the nanofluid. It is basically the degree to
which the sizes of the particles vary throughout the nanofluid. In a nanofluid, the dis-
persed nanoparticles are never of equal size and so its size distribution characterizes
the nanofluid better than any exact value of size of the nanoparticles. This property is
affected by many factors and affects other properties which are also discussed in this
chapter. Several studies on nanofluids depicting the values of thermal conductivity,
electrical conductivity as well as particle size are given in Table 1.
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2 Synthesis Techniques of Nanofluids

Preparation of nanofluid is the technique of evenly and uniformly dispersing the
nanoparticles in the basefluid. This may seem to be simple and not so important, but
this process largely affects several properties of the nanofluid. Also, the lab-scale
preparation of nanofluids may possibly determine the complexity of preparing and
using nanofluids in large-scale applications. There are two methods of nanofluid
preparation: the two-step and one-step methods.

2.1 Two-Step Method

Two-step method is the most common and has been extensively used for preparing
nanofluids. As the name indicates, there are two steps that are carried out in this
method during preparation of nanofluids. In the first step, dry powder is produced
as nanoparticles, nanofibres or nanotubes. Then in the second processing step, nano-
material is directly distributed in the basefluid with the use of dispersing devices
like magnetic stirrer (Duangthongsuk andWongwises 2009; Kavitha et al. 2012; Liu
et al. 2005), homogenizer (Liu et al. 2005; Wen and Ding 2005) or by using ultra-
sound devices like probe or bath (Duangthongsuk and Wongwises 2009; Hwang
et al. 2007; Manimaran et al. 2014). Mostly, ultrasound device or a higher shear
homogenizer is commonly used to stir nanopowders with the basefluids. As this
method permits a gap between the synthesis and dispersion steps, many researchers
have used readily-available nano-sized particles for the preparation of nanofluids in
various basefluids (Xuan and Li 2000). It is a common observation that the two-step
process is highly used for preparing metal oxide nanoparticles-based nanofluids than
the metallic nanoparticles-based nanofluids (Eastman et al. 2001). In the two-step
method, drying the nanoparticles, their transportation and storage are further process
steps that cannot be neglected. The main advantage of this method is that it is easily
scalable. However, the major disadvantage is the formation of agglomerates because
of the attraction between the particles due to their high surface energy (Mohammed
et al. 2011). Two-step method is favourable to almost every kind of fluids (Wang and
Mujumdar 2007). The illustration of two-step method is given in Fig. 1.

2.2 One-Step Method

In one-step method, the process takes place in single step in accordance to its name.
This process is composed of both, the production of the nanoparticles and the syn-
thesis of nanofluids. Numerous single-step processes have been developed for the
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Fig. 1 Two-step method for nanofluid synthesis

production of nanofluid (Akoh et al. 1978; Eastman et al. 1997). Direct vapouriza-
tion–condensation process that provided remarkable control over the size of nanopar-
ticles produced a stable nanofluid without the addition of additive (Choi et al. 2001).
Preparation of nanofluid by a novel process was introduced by Lo et al. (2005)
using submerged arc nanoparticle synthesis system (SANSS) technique where a
pure metal rod is heated by a submerged arc. SANSS is a constructive technique for
avoiding nanoparticles agglomeration and also benefits in producing even dispersion
of nanoparticles in deionized water.

In the one-step method, the costs for drying and dispersion of the nanoparticles in
the basefluid can be avoided. The main disadvantages of this method are that it is not
easily scalable because of its high cost ofmanufacture and that it is only applicable for
the basefluids having low vapour pressure (Prakash et al. 2016;Wang andMujumdar
2007). Zhu andYin (2004)worked on a single-step chemical process for the synthesis
of Cu nanofluids by reducing CuSO4·5H2O using NaH2PO2·H2O in ethylene gly-
col using microwave irradiation. This method is more efficiently proved to prepare
mineral oil-based silver nanofluids. A vacuum-based submerged arc nanoparticle
synthesis was studied by Lo et al. (2005) for the preparation of CuO, Cu2O and
Cu-based nanofluids using different dielectric liquids. The nanofluids were prepared
by using the vapourized metal which is condensed and then dispersed in deionized
water. The illustration for one-step method is given in Fig. 2.

Fig. 2 One-step method for nanofluid synthesis
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3 Thermal Conductivity of Nanofluids

Thermal conductivity is the ability of the nanofluids to transfer heat through them.
There have been several studies to identify and study the thermal conductivity of
fluids by incorporating various kinds of nanoparticles in them and to find out the
enhancement in the thermal properties and the mechanism behind it.

3.1 Reason Behind Improved Thermal Performance
of Nanofluids

Nanofluids as discussed earlier are suspensions of nanoparticles in a particular base-
fluid.Wealreadyknow that the solids, due to the collisionof their vibratingmolecules,
propagating phonons and diffused-free electrons transfer heat through them effi-
ciently. This does not seem to happen in liquids and gases, because of their loosely
packed molecules. On the other hand, the molecules of a solid are tightly packed,
whichmakes it a good conductor of thermal energy. These solids, if incorporated into
liquids affect the thermal properties as explained by Maxwell (1881). The solids act
as “heat boats” that carry the thermal energy through the liquid and also as “stirrers”
that generate convection currents, thus providing chances of collisions of molecules
and augmentation of the thermal conductivity (Yang and Han 2006). Nanofluid can
be called as a pseudo-homogenous suspension of solids into specific liquids, because
of the very small size of the solid particles that are distributed throughout the base
liquid called as the basefluid. They impart homogeneity to the mixture due to their
size, which is between 1 and 100 nm.

There are many reasons which elevate the thermal properties of the basefluid
when nanoparticles are contained in it. One of the reasons is the higher surface area
of the nano-sized particles that is available to gain and distribute heat throughout
their body. Major reasons include the Brownian motion of the nanoparticles in the
fluid and the interfacial layer around the nanoparticles (Jang and Choi 2004). The
Brownian motion is the movement that naturally occurs due to the movement of
molecules of fluid around the particle. It gives rise to micro-mixing of the nanofluid,
thus producing localized convection throughout the fluid. The thermal conductivity
of the nanofluid is looked upon as a combined effect of the static and dynamic
mechanisms which involve the thermal properties and interfacial layer phenomena
and the Brownian motion phenomena, respectively (Sohel Murshed and Nieto de
Castro 2011).

Another phenomenon that contributes to the enhanced thermal properties is the
interfacial layer of liquid around the particle at the solid–liquid interface. The layer
of liquid formed is an orderedmolecule layer whose thickness plays a significant role
in transportation of heat from solid surface to the bulk liquid (Yu and Choi 2003).
It has been known that this interfacial layer has higher thermal conductivity than
the bulk basefluid (Kotia et al. 2017). It has been found out by Yu and Choi (2003)
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that the thermal conductivity of the interfacial layer is ten times more than the bulk
fluid. A correlation as given in Eq. (1) has been proposed by Leong et al. (2006) for
determining the thermal conductivity of the interfacial layerwhere kl is the interfacial
layer thermal conductivity, C is a constant specific for a type of nanoparticle, t is
the interfacial layer thickness, rp is the radius of the nano-sized particle and kf is the
thermal conductivity of the basefluid.

kl = C
t

rp
kf (1)

The authors observed that the thermal conductivity of the layer is 2–3 times greater
than that of the basefluid.

3.2 Measurement of Thermal Conductivity of the Nanofluids

Owing to the fact that there can be a lot of improvement in the thermal transport
properties of the fluids, there has been a lot of increase in the investigation of thermal
conductivity of the nanofluids. For this purpose, many techniques have been used
by researchers which include the steady-state coaxial cylinder method (Glory et al.
2008), transient hot wire (THW) method (Garg et al. 2008; Lee et al. 2008; Rusconi
et al. 2007), IR thermometry method (Gharagozloo and Goodson 2008) and so on.
The newest technique for determining the thermal conductivity of nanofluids that
has been used by numerous researchers lately is the instrument known as KD2 Pro
thermal property analyser, developed by Decagon Devices Inc., USA. A simple
arrangement of the KD2 Pro thermal conductivity analyser for thermal conductivity
measurement of nanofluids is given in Fig. 3. This instrument follows the working
principle of transient hot wire method. It comprises a KS-1 needle which is 60 mm
long and has a diameter of 1.3 mm. This needle is immersed in the nanofluid which
is maintained at a certain temperature. After 2 min, the instrument directly displays
the value of thermal conductivity as measured by it. Owing to such simple and fast

Fig. 3 Arrangement of KD2
Pro thermal conductivity
analyser for thermal
conductivity measurement of
nanofluids (Zakaria et al.
2015)
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operation of the instrument, it gained a lot of attention and utilization by researchers
working in the field of nanofluid (Esfe et al. 2015a; Leong et al. 2018; Zadkhast et al.
2017). The transient hot wire method involves the use of dynamic technique that
measures the rise in temperature in a specific distance from a linear source of heat,
that is, a hot wire immersed in the test material. Thus, if the heat source has constant
heat output along the test material, the thermal conductivity is known directly from
the effect of change in temperature over a period of time. An instrument that uses this
method consists of a heating wire along with a temperature sensor together making
up the probe that electrically insulates the probe from the test material.

3.3 Factors Affecting Thermal Conductivity of Nanofluids

Thermal conductivity of the nanofluid, being a characteristic of thermo-physical
property of its components, is bound to varywith a lot of conditions. It includes nature
of the nanoparticle and the basefluid, composition of the nanoparticle, concentration
of the nanofluid, that is, its volume fraction in the nanofluid, temperature and pH.
Following are the various factors explained alongwith some findings in the literature.

3.3.1 Nature of Nanoparticle and Basefluid

The nanofluid comprises two basic components, that is, the nanoparticle and base-
fluid, the properties of which shall definitely affect the properties of the prepared
nanofluid. In fact, the nature of both these components has a big impact on the
behaviour of the nanofluid. First of all, we know that the thermal conductivities of
different nanomaterials vary over awide range, right frompolymericmaterials having
very low thermal conductivities to some carbon allotropes having very high thermal
conductivities. Few of the thermal conductivity data found for different nanoparti-
cles dispersed in water have been plotted in Fig. 4 (Ahammed et al. 2016; Minea and
Manca 2017; Sundar et al. 2013).

Nanoparticles of different materials can be of different sizes and shapes. Chopkar
et al. (2008) found that the relative thermal conductivity of the nanofluid increases
nonlinearly with decrease in diameter of the nanoparticles dispersed in it. Similar
outcome was obtained by Esfe et al. (2015a) for metal-based nanofluid and by Teng
et al. (2010) for metal oxide-based nanofluid. For silica-ethanol nanofluid, it was
found byDarvanjooghi and Esfahany (2016) that there are –OHgroups on the surface
of silica nanoparticles and that the hydrophilicity of the surface of nanoparticles
and restricted movement of molecules of basefluid at the interface increases the
intramolecular force field, thus enhancing the heat conductance through the interface.
Increase in the nanoparticle size increases the amount of –OH groups on its surface
and ultimately increasing the thermal conductivity of the nanofluid. At nanofluid
concentration of 0.15 vol.%, the value of relative thermal conductivity was found to
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Fig. 4 Influence of type of nanoparticle on thermal conductivity of water-based nanofluids

be 1.02 and 1.1 for nanoparticle size of 20 and 63 nm, respectively, at temperature
of 25 °C.

Along with size, it is well established that the shape of nanoparticles affects its
thermal properties (Alawi et al. 2018). Ghosh et al. (2012) investigated the influence
of particle shape on the heat transfer characteristics of its nanofluid. It has been
reported that the heat transfer of a nanoparticle of high aspect ratio is greater than
nanoparticle of low aspect ratio. They studied a cylindrical-shaped Cu nanoparticle
with aspect ratio (length to diameter) of 4 using molecular dynamics simulation
and found out that a spherical-shaped Cu nanoparticle of same volume transfers heat
lesser than that transferred by the cylindrical-shapedCu nanoparticle. This is reported
to be happening due to the high heat transfer caused by the increased contact areawith
increasing aspect ratio. Jeong et al. (2013) investigated the influence of spherical-
shaped and rectangular-shaped ZnO nanoparticles based on nanofluid and found 16
and 19.8% thermal conductivity improvement, respectively, for 5 vol.% nanofluid
concentration.

Zhu et al. (2018) found that the CuO nanowires have better thermal performance
than the CuO nanospheres, which is due to the efficient thermal transport happening
in 1-D nanostructure of the nanowires than the 0-D nanostructure of the nanospheres.
They have found a 6.98% and a surprisingly high enhancement in thermal conduc-
tivity of 60.78% for CuO nanospheres and CuO nanowires, respectively. This is
reported to be occurring because of the high aspect ratio and transport of heat in one
controllable direction.

The basefluid used for the synthesis of nanofluid makes up most of the nanofluid
quantity and governs the flow properties and thermal transport properties of the
nanofluid. Even though nanoparticles alter the flow and thermal properties of the
nanofluid, these properties are bound by the limits of the basefluid. For example,
the thermal conductivity of a nanofluid made using a basefluid having inherently
high thermal conductivity will be higher than the nanofluid made using a basefluid
having inherently low thermal conductivity with the same nanoparticles. Also, the
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viscosity of the basefluid will determine the rheology of the nanofluid. Even though
nanoparticles tend to alter the rheological behaviour of the nanofluid, the inherent
flow property of the basefluidwill rule themajor part of the nanofluids’ rheology. The
effect of basefluid on the thermal properties of the nanofluid is well studied by Syam
Sundar et al. (2017). They have prepared graphene oxide/Co3O4 nanocomposite-
based nanofluid and used water, ethylene glycol and mixtures of both in the ratios of
EG/water as 20:80, 40:60 and 60:40 as basefluids. Although there is enhancement in
thermal conductivity of all the nanofluids, the thermal conductivity of water being
higher than that of ethylene glycol, the thermal conductivity of the nanofluid also
shows the same trend. Also, in the mixtures of ethylene glycol and water, the thermal
conductivity is found to be 0.619, 0.496 and 0.402 for EG/water mixture basefluid
having ratios as 20:80, 40:60 and 60:40, respectively. The thermal conductivity of the
nanofluid is bound by the thermal conductivity of the mixture of the two fluids. This
shows how the basefluid composition alters the thermal conductivity of the nanofluid
to a larger extent.

Agglomeration of nanoparticles has been a common observation as well as a
serious problem in dealing with nanofluids and must be avoided so as to obtain
a stable nanofluid. Nanoparticles do agglomerate and form aggregates that try to
settle down, thus degrading the thermal properties of a nanofluid. The method of
dispersion does affect the agglomerating property of the nanofluid but there is a limit
after which the nanoparticles do not stay uniformly dispersed in the nanofluid. Use
of surfactants or some dispersing agents is the most common method which is used
to decrease agglomeration of nanoparticles in the fluids (Xuan et al. 2013). They are
amphiphilic compounds having a tail and polar head group which are hydrophobic
and hydrophilic, respectively (Schramm et al. 2003). This hydrophobic tail gets
attached to the nanoparticles which are hydrophobic in nature. And the hydrophilic
group interacts with the surrounding fluid. Thus, the wettability of the nanoparticle
is improved by the surfactant. This reduces the surface tension and assists fluid
continuity. On the other hand, it has also been found out by Xuan et al. (2013) that the
use of surfactants in the nanofluids affects the thermal properties of the nanofluid and
deteriorates heat transfer. They studied the effect of sodium dodecyl benzoic sulphate
(SDBS) as surfactant on nanofluid and found out that the heat transfer coefficient
offered by 0.34 vol.% Cu nanofluid decreases from 21,000 to 20,000 W/m2K as the
amount of SDBS increases from 0.05 to 0.1 wt% in the nanofluid. Although this is
the case for using surfactants, proper selection of surfactant must be done in order
to control its effect over the crucial properties of a nanofluid. Xia et al. (2014) have
studied the effect of two different surfactants on Al2O3/water nanofluids. They found
out that polyvinylpyrrolidone (PVP), being a non-ionic surfactant has positive effects
on the thermal conductivity of the nanofluid than sodium dodecyl sulphate (SDS)
which is an anionic surfactant.
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3.3.2 Composition of Nanoparticle

It has been already known that the nanoparticle nature influences the thermal con-
ductivity of the nanofluid. Nanoparticles contained in a nanofluid may also be a com-
posite of two or more nano-sized materials, which is known as nanocomposite. The
components of a nanocomposite may have different properties and thus may impart
their individual properties to the whole nanoparticle. So, there are chances that the
amount of these components will determine the properties variation of a nanocom-
posite. Trinh et al. (2016) investigated the thermal conductivity of Cu/graphene
nanocomposite-based nanofluid by changing the nanocomposite ratio using ethylene
glycol as basefluid. They synthesized nanofluids containing Cu/graphene nanocom-
posite having graphene/Cu ratio of 7:1, 5:1, 3:1 and 1:1 by weight and found out that
the thermal conductivity of Cu/graphene-based nanofluid is higher than that com-
pared to graphene-based nanofluid. The thermal conductivity of Cu/graphene-based
nanofluids containing nanoparticles of graphene/Cu ratio as 7:1 and 5:1 is 0.48 and
0.5W/mK, respectively, at 60 °C. This is because of the combined effect of graphene
sheets andCuparticles decorated over them, both having higher thermal conductivity.
The decoration of graphene sheet with Cu particles decreases stacking of graphene
sheets, thus elevating thermal properties of the nanofluid. Further, the nanofluid con-
taining Cu/graphene nanoparticles having graphene/Cu ratio of 3:1 and 1:1 shows
a decreasing trend of thermal conductivity values, that is, 0.42 and 0.415 W/mK,
respectively. This is reported to be happening due to the formation of clusters of Cu
particles as their amount is greater than that required to get attached to the functional
groups over the graphene sheet. This is how the composition of nanoparticles plays
an important role in altering the thermal conductivity of the nanofluid.

3.3.3 Volume Fraction of Nanoparticles in the Nanofluid

The increase in the thermal conductivity of a basefluid due to addition of nanoparticles
is well known. But increasing the amount of nanoparticles in the basefluid also
affects the thermal conductivity, as shown by many researchers (Alawi et al. 2018;
Gupta et al. 2011; Khedkar et al. 2012; Kumar et al. 2018; Tijani and Sudirman
2018). The values of thermal conductivity for different ranges of volume fractions of
nanoparticles in different nanofluids recorded in the past can be seen in Table 1. The
nanoparticles acting as heat boats carry the heat through the nanofluid. Increasing
the number of these heat boats ultimately leads to the increase in transport of the
heat energy, thus augmenting the thermal conductivity of the nanofluid. This is due
to the intensification of Brownian motion as the number of particles is high. Thermal
conductivity of the nanofluid is reported to be having linear relationship with the
concentration of the nanoparticles in it (Ali et al. 2010). Figure 5 depicts a trend of
thermal conductivity of Al2O3/ethylene glycol nanofluids as a function of volume
fraction at various temperatures as studied by Esfe et al. (2015a).
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Fig. 5 Effect of volume fraction of Al2O3 nanoparticles in Al2O3–ethylene glycol nanofluids on
relative thermal conductivity of the nanofluids (Esfe et al. 2015a)

3.3.4 Temperature

Temperature is found to be greatly influencing the thermal conductivity of a nanofluid
which is studied by several researchers. Mintsa et al. (2009) investigated the thermal
conductivity of Al2O3 and CuO-based nanofluids as a function of temperature and
reported an increase in thermal conductivity with rise in temperature for different size
of nanoparticles and concentrations of nanofluids. Increase in temperature increases
the nanoparticles’ surface energy leading to reduced agglomeration. Graphene, hav-
ing attainedmost of the attention of the researchers, and its nanofluids have also found
to show an increase in thermal conductivity with temperature, which is reported by
Ahammed et al. (2016) at various concentrations of the nanofluid as shown in Fig. 6.
It was clear that the factors like vibration of phonons and free electrons and molec-
ular collision and molecular diffusion jointly affect the thermal conductivity of the
graphene-based nanofluids.

One more reason behind the enhancement in the thermal conductivity with tem-
perature is the increase in Brownian motion of the nanoparticles. Two factors respon-
sible for this are the reduction of agglomeration of nanoparticles due to high surface
energy at high temperatures and the reduction in viscosity of the basefluid which
again facilitates swift Brownian motion of the nanoparticles (Yu-Hua et al. 2008).
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Fig. 6 Effect of temperature on thermal conductivity of graphene–water nanofluids (Ahammed
et al. 2016)

It was also found that the solventmolecules get adhered and form layers of ordered
arrangement of molecules to the hydrophilic colloidal particles, that is, nanoparti-
cles added to it (Lee 2008). This layer possesses higher thermal conductivity and
aids in increasing the heat transfer induced due to the nanoparticles (Keblinski et al.
2002). It is also well established by Suganthi et al. (2013) for ZnO-propylene glycol
nanofluids that the thickness of this layer is high at lower temperatures where Brow-
nian motion fails to be occurring due to higher viscosities of the basefluid. Thus,
it was found that at a temperature of 10 °C, the liquid layer enhances the thermal
conductivity of the nanofluid and attains a maximum, which further decreases as
the temperature increases to 30 °C. This unusual but true mechanism of decrease in
thermal conductivity with increase in temperature is also found out for ZnO-ethylene
glycol nanofluids (Suganthi et al. 2014), as shown in Fig. 7.

3.3.5 pH

Nanofluid is a suspension of nano-sized material in some basefluid. Its uniform
dispersion in a typical basefluid shall definitely depend upon the charges on its
surface. The surface chargeswill affect the degree of agglomeration,which ultimately
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Fig. 7 Effect of temperature on thermal conductivity of ZnO–ethylene glycol nanofluids (Suganthi
et al. 2014)

influences the thermal properties of the nanofluid. pH of a nanofluid affects these
surface charges and this is well defined byWang and Zhu (2009) in their investigation
of thermal conductivity of Al2O3 and Cu-based nanofluids, which is shown in Fig. 8.
An increase in pH alters the charges on the surface of nanoparticles which raises the
electrostatic forces of repulsion between two nanoparticles. This leads to reduction in
agglomerative tendency of the nanoparticles in the nanofluid. Thus, the pH is found

Fig. 8 Effect of pH of Al2O3 and Cu-based nanofluids on their thermal conductivity (Wang and
Zhu 2009)
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to be in direct relation with the electrical properties of the nanofluid, which will also
be discussed later in this chapter.

3.4 Models for Thermal Conductivity Prediction

Thermal conductivity has been of great interest in the convective heat transfer study
of nanofluids on which theoretical and experimental studies have been done. Mech-
anism of heat conduction has been proposed, which is found to be dependent on
the Brownian motion of nanoparticles, interfacial liquid layer of nanofluid (effect of
nanolayer), nanoparticle clustering and nature of heat transport of the nanoparticles
in the nanofluid. Many researchers have strived to derive models that can exactly
predict the thermal behaviour of the nanofluid. It was Maxwell (1881), who was the
first to develop the effective thermal conductivity model as given in Eq. (2). The
equation can predict the effective thermal conductivity of the solid–liquid suspen-
sions (keff), where kp is the thermal conductivity of the dispersed particles, kl is the
thermal conductivity of the basefluid (continuous phase of liquid) and ∅ is the volume
concentration of the nanoparticles in the suspension.

keff = k f
kp + 2kl + 2∅(kp − kl)

kp + 2kl − ∅(kp − kl)
(2)

Maxwell’smodel (Maxwell 1881) assumes the thermal conductivity improvement
due to the presenceof nanolayer at the surface of the solid in a solid–liquid suspension.
It has been expected that the thermal conductivity of the nanolayer on the surface of
the nanoparticle is higher than that of the basefluid. Further, this model was modified
by Maxwell (1881) so as to form a modified Maxwell model as given in Eq. (3),
where β is the ratio of thickness of nanolayer (h) to the radius of the nanoparticle
(r) and is given as β = h/r . This equation is found to be valid for dispersion of
spherical-shaped particles in the basefluid.

keff = kp + 2kl + 2
(
kp − kl

)
(1 + β)3∅

kp + 2kl − (
kp − kl

)
(1 + β)3∅ kl (3)

Further, Hamilton and Crosser (1962) introduced a model for a solid–liquid sus-
pension as given in Eq. (4), where kp is the thermal conductivity of particles, k f is
the thermal conductivity of basefluid, ∅ is the volume fraction of particles, n is the
empirical shape factor defined as n = 3

ψ
and ψ is the sphericity which is explained

as the ratio of the surface area of a sphere having the same volume as that particle to
the surface area of that particle. It is applicable for spherical and cylindrical particles.

keff
k f

= kp + (n − 1)k f − (n − 1)∅(
kp − k f

)

kp + (n − 1)k f + ∅(
kp − k f

) (4)
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Thermal conductivitymodel for randomly distributed spherical particles in a base-
fluid using the thermal conductivity of the particles and basefluid has been reported
by Bruggeman (1935a), as given in Eq. (5).

∅
(

kp − kef f
kp + 2kef f

)
+ (1 − ∅)

(
k f − kef f
k f − 2kef f

)
= 0 (5)

In this equation, the effective thermal conductivity kef f is determined as given in
Eq. (6).

keff = k f

4

[
(3∅ − 1)

kp
k f

+ (2 − 3∅) + k f

4

√
�

]
(6)

where the factor of � is calculated by using Eq. (7)

� =
[
(3∅ − 1)2

(
kp
k f

)
+ (2 − 3∅)2 + 2

(
2 + 9∅ − 9∅2

)( kp
k f

)]
(7)

Xue (2005) reported a model as given in Eq. (8) to calculate the thermal
conductivity of carbon nanotube (CNT)-based nanofluid, which is explained as
follows:

keff = k f

⎡

⎣
1 − ∅ + 2∅ kp

kp−k f
lnln kp+k f

2k f

1 − ∅ + 2∅ k f

kp−k f
lnln kp+k f

2k f

⎤

⎦ (8)

Xuan et al. (2003) developed a model as given in Eq. (9) that considered the effect
of Brownian motion and nanoparticles clustering, where Rd is the apparent radius
of the nanoparticle clusters and KB is Boltzmann constant.

keff = k f
kp + 2k f + 2∅(

kp − k f
)

kp + 2k f − ∅(
kp − k f

) + 1

2
ρpCp∅

√
KBT

3πμ f Rd
(9)

Later, Timofeeva et al. (2007) expressed a model, which is based on the effective
medium theory as given in Eq. (10).

keff = k f (1 + 3∅) (10)

Prasher et al. (2005) stated that there is occurrence of convection-induced Brow-
nian motion called as nanoconvection and developed a model as given in Eq. (11),

where km = k f (1 + 0.25ReB Pr) is the matrix conductivity, ReB = 1
υ

√
18KBT
πρpdp

is the

Brownian Re number, m = 2.5%± 15% is a regression constant, αB = 2Rbkm
dp

is the
particle Biot number and Rb is the interfacial thermal resistance existing between
nanoparticle and liquid.
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keff = k f
kp(1 + 2αB) + 2km + 2∅[

kp(1 − αB) − km
]

kp(1 + 2αB) + 2km − ∅[
kp(1 − αB) − km

]
(
1 + AecoRe

Meco
B Pr0.33f ∅

)

(11)

Later, Koo andKleinstreuer suggested amodel (Koo andKleinstreuer 2004, 2005)
as given in Eq. (12), which is a combined thermal conductivity model considering
the Brownian motion and the volume fraction of the liquid with nanoparticles, where
θ is the fraction of the liquid volume which travels with a particle.

keff = k f
kp + 2k f + 2∅(

kp − k f
)

kp + 2k f − ∅(
kp − k f

) + 5 × 104θρ f Cp f ∅ f (T,∅)

√
KBT

ρ f dp
(12)

However, the difficulty of this model is that θ and f are hard to obtain, and so
they are to be expressed differently for different kinds of nanofluids. For example, for
CuO nanofluid, the expression in Eq. (12) becomes the expression given in Eq. (13).

f (T,∅) = (−6.04∅ + 0.4705)T + 1722.3∅ − 134.63) (13)

Yu and Choi (2003) proposed a renewed Maxwell model as given in Eq. (14)
considering the solid–liquid interfacial layer on nanoparticles in the nanofluid.

keff = kp
kpe + 2k f + 2∅(

kpe − k f
)
β3
1

kpe + 2k f − ∅(
kpe − k f

)
β3
1

(14)

Feng et al. (2007) reported amodel as given in Eq. (15) to enhance theYu andChoi
(2003) model by presenting an equivalent thermal conductivity of the nanoparticles.
They also investigated the influence of presence of the interfacial layer between
nanoparticles and liquid.

kpe = kp
2(1 − γ1)γ1 + β3(1 + 2γ1)γ1

−(1 − γ1) + β3(1 + 2γ1)
(15)

Here, β = 1 + t
R, and kpe

is equal to the equivalent thermal conductivity of the
nanoparticles and γ1 is the thermal conductivity ratio of interfacial layer to particles.

Further, Pak and Choi (1998) presented a new model as given in Eq. (16) consid-
ering that the thermal conductivity enhancement of the nanofluids is caused due to
the dispersion of the suspended nanoparticles.

keff
k f

= 1 + 7.47∅ (16)

Jang and Choi (2007) established a model as given in Eq. (17) based on the
influence of Brownian motion of nanoparticles. This thermal conductivity model is
based on various four factors, like the collision of basefluid molecules, collision of
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nanoparticles driven by Brownian motion, thermal diffusion in nano-sized particle
and fluids, and the thermal interaction of particle with fluid molecules, where Red =
CRMdp

υ
in which CRM = KBT

3πμ f dpl f
, d f is the equivalent diameter of particle and l f

mean free path.

keff = k f (1 − ∅) + 0.01kp∅ + (
18 × 106

)d f

dp
k f Re

2
d Pr f ∅ (17)

3.5 Applications Based on Thermal Properties
of the Nanofluids

As it has been well known that the nanofluids possess extraordinary thermal proper-
ties, compared with conventional fluids, there has also been a tremendous increase
in the studies for different applications of the nanofluids in numerous heat trans-
fer systems. Several researchers have investigated the heat transfer intensification
of nanofluids by using different geometries of lab-scale heat exchanger setups and
have proposed a possible and feasible application of nanofluids as an alternative to
conventional heat transfer fluids. Heyhat et al. (2013) studied the convective heat
transfer performance of Al2O3 nanofluids with water as basefluid flowing in a hor-
izontal tube at constant wall temperature and laminar flow conditions. An increase
in the heat transfer coefficient was reported for the nanofluid compared to that of
basefluid and that it was further noticeable at higher Reynolds numbers. At fully
developed flow region, the improvement in heat transfer coefficient was reported
to be 32% for 2 vol.% of Al2O3 nanofluid. Convective heat transfer performance
of TiO2/water nanofluid in a helical coiled tube heat exchanger has been studied
by Kahani et al. (2014). A thermal performance factor of 3.72 was achieved for 2
vol.% TiO2 nanofluid flowing at Reynolds number of 1750. A heat transfer coeffi-
cient enhancement of 105% has been found by Bhanvase et al. (2014) for TiO2-based
nanofluid using ethylene glycol/water mixture as basefluid flowing in a straight tube
heat exchanger suggesting a great alternative for applications in heat transfer equip-
ments. Huang et al. (2015) investigated the convective heat transfer and pressure drop
of Al2O3-based and multi-walled carbon nanotubes-based (MWCNT) nanofluid. A
higher heat transfer was achieved by using the nanofluids; however, increasing con-
centrations of the nanofluids increased the pressure drop. But, this was only found
to be happening at higher concentrations of nanofluid due to increased viscosity,
whereas viscosities of nanofluids with low concentrations did not seem to affect
the pressure drop due to negligible increase in viscosity as compared to the base-
fluid. Convective heat transfer coefficient of Fe3O4/graphene nanocomposite-based
nanofluid was found to enhance by 14.5% compared to the basefluid in a straight tube
heat exchanger by Askari et al. (2017). Bhanvase et al. (2018) investigated the boost
in heat transfer of polyaniline-based (PANI) nanofluids using water as a basefluid.
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They found a 69.62% enhancement in heat transfer coefficient for 0.5 vol.% PANI
nanofluid.

Applications of nanofluid as car radiator coolant have also been found by many
researchers. Naraki et al. (2013) experimentally examined the heat transfer coeffi-
cient of CuO/water nanofluids in a car radiator coolant under laminar flow conditions.
It has been reported that there is 8% increase in the heat transfer coefficient of the
CuO nanofluids compared to water. However, it has been further pointed out that
even though there is an increase in the thermal performance of the car radiator with
application of the nanofluid, the factors like sedimentation and stability should also
be considered before their application. Studies on thermo-physical properties com-
prising thermal conductivity, density, viscosity and specific heat of Al2O3-based
nanofluids as car radiator coolants have been conducted by Elias et al. (2014). Simi-
larly, Al2O3-based nanofluids using ethylene glycol as a basefluid have been studied
for car radiator application by Goudarzi and Jamali (2017). For this purpose, the
authors used a radiator with wire coil inserts and reported that the thermal perfor-
mance of the radiator can be enhanced up to 14% by the use of Al2O3/ethylene glycol
nanofluids. Ali et al. (2015) investigated the application of ZnO nanofluids as car
radiator coolants and found an enhancement in heat transfer of 46% for a nanofluid
of concentration 0.2 vol.%.

Nanofluids for cooling applications in electronic systems have also been stud-
ied widely. Selvakumar and Suresh (2012) studied the application of CuO/water
nanofluid in a thin-channelled copper heat sink. A highest value of convective heat
transfer coefficient of 29.63% was reported for the water block by using 0.2 vol.%
CuO nanofluid compared to deionized water. Similar study has been presented by
Sohel et al. (2014) usingAl2O3/water nanofluids in an electronic heat sink that helped
them achieve 18% improvement in the heat transfer coefficient compared to distilled
water. They compared their study with the one previously made by Selvakumar and
Suresh (2012) and found that the Al2O3/water nanofluid reduces the heat sink base
temperature more than that reduced using the CuO/water nanofluid, even though the
heat input is thrice the heat input for study using CuO/water nanofluid. Khaleduz-
zaman et al. (2015) studied the compatibility of Al2O3/water nanofluid to be used
in a heat sink by investigating its stability. They studied Al2O3/water nanofluids in
the volume concentration range of 0.1–0.25 vol.% and found that they are satisfac-
torily stable and that there is no sedimentation and clogging occurring using these
nanofluids. Khatak et al. (2015) studied the effect of ZnO nanofluid in spray cooling
of electronic devices. They observed that a 0.05 vol.% ZnO nanofluid was successful
in decreasing the specimen surface temperature by 15% at a heat input and nanofluid
flowrate of 180 W and 20 ml/min, respectively.

Nanofluids have also found applications in effective extraction of the solar energy.
Efficiency of a solar collector has been studied by applying Al2O3/water nanofluid
as an absorbing medium by Yousefi et al. (2012). For the study, they used a flat plate
solar collector and passed the nanofluid to study the effect of nanofluid flowrate,
concentration of nanoparticles in the nanofluid and use of surfactant. 28.3% increase
in the thermal efficiency of the solar collector has been reported when 0.2 wt%
Al2O3/water nanofluid was passed through the collector. Gupta et al. (2015) also
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studied the Al2O3/water nanofluid in a direct absorber solar collector (DASC) of
tube-in-plate type. The reported increase in the collector efficiency was 8.1% when
0.005 vol.% Al2O3/water nanofluid was passed through the DASC at a flowrate of
1.5 l/min. Sokhansefat et al. (2014) investigated the simulation of performance of
Al2O3 nanofluid using synthetic oil as a basefluid in a parabolic trough collector
tube and suggested a possible and beneficial application of it in the solar thermal
energy collection in a parabolic trough geometry. Experimental study of CuO/water
nanofluid application in a direct absorption concentrating parabolic solar collector
(DAPSC) was reported to exhibit an increase in the thermal efficiency of 52% for
CuO/water nanofluid with volume concentration of 0.008 vol.% (Menbari et al.
2016).

Nanofluids have also found to have gained pace in applications in refrigeration
systems. Kumaresan et al. (2012) experimentally investigated convective heat trans-
fer using MWCNT-based nanofluid as a secondary refrigerant using water/ethylene
glycol mixture as basefluid in a tubular heat exchanger. An enhancement of nearly
160% was found to be occurring by the use of 0.45 vol.% of the MWCNT-based
nanofluids, which was reportedly happening due to the higher thermal conductivity,
larger aspect ratio of the nanoparticles, particles rearrangement and delayed develop-
ment of boundary layer. Similar study using single-walled carbon nanotubes-based
(SWCNT) nanofluid has been conducted by Vasconcelos et al. (2017). Influence of
shape of ZnO-based nanorefrigerant on the heat transfer using the refrigerant R-134a
as a basefluid is studied byMaheshwary et al. (2018). Spherical-shapedZnOnanopar-
ticles in the R-134a refrigerant found to exhibit a thermal conductivity enhancement
of the refrigerant by 25.26%. Thus, the thermal properties of the nanofluids have been
exploited in a numerous ways to make heat transfer processes more efficient with an
augmentation in the thermal transport caused by the presence of nanoparticles in the
nanofluid.

4 Electrical Conductivity of Nanofluids

Nanofluids are well known in the field of heat transfer as numerous researchers have
already studied its heat transfer characteristics and have reported several applications
of the nanofluids in thermal transport system as seen earlier in this chapter. But
there are several other properties of nanofluids that cannot be ignored. One of them
is the electrical conductivity of the nanofluids. As known already, the electrical
conductivity is the ability to transport or conduct electric current. Awareness about
the fact that the nanofluid may have superior electrical conductivity values than
other materials makes one to analyse it and apply a certain nanofluid in a typical
system which require fluids that conduct electrical energy. As the nanofluids possess
higher thermal conductivity, it is possible for them to also possess higher electrical
conductance.

Maxwell (1881) has verywell defined that the electrical conductivity is affected by
the physical properties of the nanoparticles and the basefluid. But many researchers
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have found that it is not only affected by the properties of the components of the
nanofluid but also their interaction with each other (Ganguly et al. 2009; Minea
and Luciu 2012; Shen et al. 2012). Chakraborty and Padhy (2008) found that the
agglomeration of the nanoparticles leads to efficient electrical conductivity due to
the nanoparticlesmaking physical contactwith each other. But in contrast to that, they
have stated that the agglomeration of the nanoparticles also leads to larger particle
size having larger mass that may reduce the electrophoretic mobility due to increased
viscosity of the nanofluid.

The DLVO theory developed for explaining the stability of colloids in suspension
states that there is a formation of a charged layer on a colloidal particle in the
nanofluid. This layer is composed of ions that are charged opposite to the particle
surface and so form a charged diffuse layer over the particles. These ionic charges
are found to be forming due to the adsorption and desorption of ions present in the
solution on the particle surface (Cruz et al. 2005). These charged particles can then
transfer the charge and behave as charge carriers. In a nanofluid, the nanoparticles
act as carriers of electrical charge. The electrical double layer (EDL) has also found
to be one of the mechanisms responsible for the electrical transport properties of the
nanofluids by many researchers (Chakraborty and Padhy 2008; Ganguly et al. 2009;
Minea and Luciu 2012).

4.1 Measurement of Electrical Conductivity of the Nanofluids

Electrical conductivity of nanofluids has mostly been measured by researchers all
around the world by using electrical conductivity metre consisting of a probe, whose
electrical circuit with the circular electrode thatmakes up theworking principle of the
electrical conductivitymetre is shown in Fig. 9a. The one shown in Fig. 9b is a typical
electrical conductivity measuring device known as a four-cell conductivity electrode
metre (CyberScanCON11)made byEutech Instruments Pte Ltd in Singapore having
in-built automatic temperature compensation (ATC). This metre gives instant value
of electrical conductivity and temperature.

4.2 Factors Affecting the Electrical Conductivity
of the Nanofluids

Electrical conductivity being the property dependent on the components of the
nanofluid can be affected bymany factors. As discussed earlier, the electrical conduc-
tivity of the nanofluids is dependent on the charge over the particles. They can also be
dependent on the amount and size of these charge carriers, that is, the nanoparticles.
These charges on the nanoparticles are dependent on the pH (Sigmund et al. 2000).
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Fig. 9 Setup for electrical conductivity measurement. a Electrical circuit with electrode and
b Electrical conductivity metre setup (Sarojini et al. 2013)

Also, other nanofluid environment factors like temperature may prove to be affecting
the electrical conductivity similar to its governing effect on the thermal conductivity.

4.2.1 Concentration of Nanoparticles

It has been already known that the electrical conductivity is due to the electrical dou-
ble layer formed over the nanoparticles, making them the electric charge carriers.
Many researchers studied the effect of amount of these carriers, that is, nanopar-
ticles dispersed in various kinds of basefluids on their respective nanofluid elec-
trical conductivity (Baby and Ramaprabhu 2010; Glory et al. 2008; White et al.
2011). Increasing the nanoparticle concentration increases the interaction between
the nanoparticles resulting in increase in electrical conductivity (Shoghl et al. 2016).
Liu et al. (2004) investigated the electrical conductivity of the multi-walled carbon
nanotube (MCNT) dispersed in chloroform and toluene and reported that the electri-
cal conductivity of the nanofluids intensifies with increase in the concentration of the
nanofluids. Lisunova et al. (2006) also studied the electrical conductivity of MCNTs
nanofluid using water as a basefluid and Trixton X-305 as a dispersant. It has been
reported that augmentation in the electrical conductivity is more pronounced as the
volume fraction of the nanofluid exceeds 0.01, which happens reportedly due to the
aggregation andpercolationbehaviour of the nanotubes.The concentrationwhere this
phenomenon occurs is known as the percolation threshold. The nanotubes having a
high aspect ratio form networks and behave as electro-conductive clusters at higher
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concentrations, which ultimately lead to a high electrical conductivity. However,
Glover et al. (2008) reported that there is no percolation threshold for SWNT-based
aqueous nanofluids and that there is a linear relationship between the electrical con-
ductivity and the concentration depicting ionic conduction behaviour. The electrical
conductivity of the water-based single-walled carbon nanotube (SWNT) nanofluids
reported to be increased from 0.12 × 10−3 to 1.6 × 10−3 S/m when nanofluid con-
centration increases from 0 to 0.5 wt%, which was around 13 times more. It was
shown for alumina nanofluids that the electrical conductivity also linearly increases
with increase in the concentration of the nanofluid by Ganguly et al. (2009) and it
was recorded to be 258 μS/cm for nanofluid volume fraction of 0.03 at room tem-
perature. An enhancement of electrical conductivity exhibited by graphene-based
nanofluids using mixture of water and ethylene glycol as basefluids was studied
by Baby and Ramaprabhu (2010). They found that a 0.03% concentrated graphene
nanofluid shows an electrical conductivity enhancement of almost 1400% at 25 °C. A
973 times higher electrical conductivity was recorded by Shen et al. (2012) by adding
ZnO nanoparticles to insulating oil at a concentration of 0.75 vol.%. An outstand-
ing enhancement of 25678% in electrical conductivity was recorded by Hadadian
et al. (2014) for water-based graphene oxide nanofluid at a very low graphene oxide
mass fraction of 0.0006. Electrical conductivity of nitrogen-doped graphene-based
nanofluids was studied by Mehrali et al. (2015) and they found a maximum elec-
trical conductivity enhancement of 1814.96% for a 0.06 wt% nanofluid. Adio et al.
(2015a) investigated the effect of volume fraction on the electrical conductivity of
MgO-based nanofluids using ethylene glycol as basefluids. For the MgO nanofluid
concentrations of 0.1, 0.5, 1, 2 and 3 vol.%, the electrical conductivity was found
to be 3.01, 6.68, 8.73, 11.74 and 14.05 μS/cm, respectively. Al2O3 nanofluids pre-
pared using bio-glycol/water mixtures as basefluid were studied by Abdolbaqi et al.
(2016) and they found a decrease in electrical conductivity with an increase in the
concentration of the nanofluid. A nanofluid prepared using bio-glycol/water mixture
in the ratio of 40:60 by volume showed a decrease in electrical conductivity from
620 to 472 μS/cm when the concentration of Al2O3 nanoparticles increased from 0
to 2 vol.%. It has been found that the effect of nanoparticle concentration is more
pronounced than that of temperature on the electrical conductivity of the nanofluids
(Heyhat and Irannezhad 2018).

4.2.2 Size of Nanoparticles

Sarojini et al. (2013) studied that for alumina nanoparticles, the reduction in particle
size leads to an increment in the electrical conductivity of the nanofluids in which
they are dispersed. This is found to be happening due to the higher electrophoretic
mobility of the smaller-sized particles compared to the larger-sized particles. A 1
vol.% alumina nanofluid prepared using water as a basefluid show electrical conduc-
tivity of nearly 95, 240 and 300 μS/cm for dispersed nanoparticles of size 150, 80
and between 20 and 30 nm, respectively.
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Different types of nanofluids were prepared by Konakanchi et al. (2011) to study
the effect of different parameters affecting the electrical conductivity of the nanoflu-
ids. A decrease in the electrical conductivity has been reported with an increase in
the particle size of Al2O3 nanoparticles. 1% Al2O3 nanofluid showed electrical con-
ductivity of 165, 80 and 15μS/cmwhen 10, 20 and 45 nm-sized Al2O3 nanoparticles
were dispersed in propylene glycol and water mixture at 60:40 mass ratio, respec-
tively, at around 40 °C. Further, 1% ZnO nanofluid showed electrical conductivity
of 36 and 24 μS/cm, when 36 and 70 nm-sized Al2O3 nanoparticles were dispersed
in the same basefluid, respectively, at around 40 °C. ZnO nanofluids containing dif-
ferent sizes of ZnO nanoparticles prepared using propylene glycol as basefluid have
been studied by White et al. (2011). Also, a decrease in the electrical conductivity
from 9.6 to 1.2 μS/cm with an increase in the ZnO nanoparticle size from 20 to
60 nm in 7 vol.% concentrated nanofluid has been reported. The effect of increasing
the size of the nanoparticles is opposite to the effect of increasing volume fraction of
the nanoparticles in the nanofluids, leading to a decrease in the electrical conductivity
of the nanofluids.

Azimi and Taheri (2015) investigated the effect of particle size of CuO nanoparti-
cles dispersed in water on the electrical conductivity of the water-based nanofluids.
An optimum particle size of the CuO nanoparticles, which is 95 nm, has been deter-
mined that exhibits maximum electrical conductivity of 0.108 μS/cm for 0.18 g/l
concentration of CuO nanofluid at 25 °C. A decrease of diameter below 95 nm or
increase beyond 95 nm of the CuO nanoparticles in the nanofluid leads to a decrease
in the electrical conductivity of their nanofluid.

4.2.3 Temperature

The electrical conductivity of nanofluids relies on the efficiency of electron transfer
through the nanofluids due to the nanoparticles. With an increase in temperature, the
electrons can transfer through the energy barriers very easily as found out by Liu
et al. (2004) or multi-walled carbon nanotube nanofluids. Several researchers have
reported an increase in electrical conductivity with an increase in temperature (Hada-
dian et al. 2014; Konakanchi et al. 2011; Shen et al. 2012). However, it has also been
known that the influence of temperature on electrical conductivity is lesser than that of
the concentration (Mehrali et al. 2015, Goharshadi andAzizi-Toupkanloo 2013). The
increase in electrical conductivity of nanofluids becomes more pronounced at higher
temperatures (Adio et al. 2015a; Heyhat and Irannezhad 2018). Also, the mechanism
for an enhancement in the electrical conductivity of nanofluids is different from the
mechanism of enhancement of their thermal conductivity (Sarojini et al. 2013). Gan-
guly et al. (2009) found an increase of electrical conductivity of 0.03 volume fraction
of alumina/water nanofluids from 258 to 351 μS/cm for an increase in temperature
from 24 °C to 45 °C. Baby and Ramaprabhu (2010) also studied the effect of tem-
perature on the graphene-based nanofluids using water as well as ethylene glycol as
basefluids and reported an increase in electrical conductivity if the temperature of
the nanofluid was increased. Konakanchi et al. (2011) also showed almost a linear
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relationship for electrical conductivity and temperature of Al2O3 and SiO2 nanoflu-
ids prepared using mixture of propylene glycol and water as a basefluid. On the other
hand, electrical conductivity of water-based Al2O3 nanofluids was found to remain
constant with respect to temperature by Minea and Luciu (2012). Dong et al. (2013)
showed that for aluminium nitride-transformer oil-based nanofluids, the electrical
conductivity shows a decreasing trend from 25 °C to 40 °C, but it became stable
after 40 °C. Higher temperature of nanofluids is found to promote aggregation and
thus formation of transport paths for conduction of electric charge leads to enhance-
ment in electrical conductivity of the nanofluids (Bagheli et al. 2015). Naddaf and
Heris (2018) studied the electrical conductivity of MWCNT-based nanofluids using
diesel oil as a basefluid and oleic acid as a surfactant and recorded the electrical
conductivities as 0.18, 135.2, 299.9 and 444.9μS/cm for MWCNT-based nanofluids
of concentrations 0.05, 0.1, 0.2 and 0.5 wt%, respectively, at a temperature of 20 °C.

4.3 Role of Zeta Potential

When nanoparticles are dispersed in the basefluid, there is a certain layer of the
basefluid surrounding it. The thin layer of the liquid formed on the particle in a
nanofluid is called as the Stern layer. There is also a layer known as diffuse layer that
comprises the loosely associated ions at the outer surface of the Stern layer. Both
of these layers are responsible for the formation of the electrical double layer. The
loosely associated ions in the diffuse layer shear with the ions in the bulk fluid when
the particle undergoes amotion,most commonly theBrownianmotion. Zeta potential
is the electric potential at this shear surface. Schematic of zeta potential is shown in
Fig. 10. The zeta potential is known by measuring the velocity of the particle moving
towards the electrode in the presence of an electric field externally maintained across
the nanofluid sample. A value of zeta potential of ± 30 mV is considered as a value
exhibited by a stable nanofluid and that exhibiting a value above or below this value
is known as stable nanofluid or unstable nanofluid, respectively. Zeta potential is
measured by determining the electrophoretic mobility of the particles.

4.4 Relation of Stability and Electrical Conductivity
of Nanofluids

Stability is the degree of uniform dispersion of the nanoparticles in the basefluid and
also one of the factors considered in electrical conductivity of the nanofluids (Shoghl
et al. 2016). Nanofluids contain nanoparticles that are susceptible to surface charges.
These surface charges that have major role in electrical conductivity also have a
major role in the stability of the nanofluid (White et al. 2011). The surface charge on
a nanoparticle is due to the protonation and de-protonation of functional groups on its
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Fig. 10 Schematic of zeta potential (Chakraborty 2019)

surface (Lee et al. 2006), which causes the formation of electrical double layer (EDL)
at the surface of the particles. For example, the stability of graphene oxide nanofluids
is attributed to the charge developed on its surface due to the de-protonation of acidic
groups on its surface (Hadadian et al. 2014). Use of dispersant or surfactants affect
the ionic charges on the nanoparticles. They alter the pH of a nanofluid, and so,
ultimately, the stability of the nanofluid is affected (Sarojini et al. 2013). The purpose
of changing the pH is to deviate the charge of the nanoparticles from their isoelectric
point (IEP), so as to decrease the agglomeration (Zawrah et al. 2016). IEP is the
point when there is zero charge on the nanoparticles and which causes maximum
aggregation of the nanoparticles due to maximum van der Waals forces of attraction.
An increase in the pH will increase the ionic strength causing a decrease in the van
der Waals forces and ultimately reduction in the aggregation (Younes et al. 2012).
As we have seen that aggregation and de-aggregation is important as far as electrical
conductivity of the nanofluid is concerned, the change in pH and stability is related
to the electrical properties of the nanofluid. The study of electrical conductivity in
relation to stability of the nanofluid has been done by some researchers (Cruz et al.
2005; Ganguly et al. 2009). In fact, the electrical conductivity helps determining the
stability of the nanofluid (Shoghl et al. 2016).
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4.5 Models for Electrical Conductivity Prediction

Models present an additional insight to the variations of certain parameter with
respect to changes in other parameter and provide a prediction of the experimental
results for the same. Similar to thermal conductivity, there are model equations
which are derived for predicting the electrical conductivity as well. A classical model
developed by Maxwell (1881) for conductivity in heterogeneous media as given in
Eq. (18) is being used since long ago for the prediction of electrical conductivity of
nanofluids. This equation gives the relation between the effective conductivity of the
nanofluid (λeff) and conductivity of the basefluid (λbf) as a function of conductivity
ratio of the two phases (α) and volume fraction of the nanoparticles in the nanofluid
(φ). This correlation given by Maxwell is valid for spherical particles which are
randomly distributed in the dispersions. Also, it assumes that there is no formation
of aggregates and the distances between two particles is greater than their diameters.

λeff

λbf
= 1 + 3(α − 1)

(α + 2) − (α − 1)φ
(18)

Here, ‘α’ as given in Eq. (19) is the ratio of conductivity of the nanoparticles (λp)
to the conductivity of the basefluid (λb f ).

α = λp

λbf
(19)

Certain approximations made by Cruz et al. (2005) to simplify the Maxwell’s
equation, are presented in Table 2. Maxwell’s model only considers the properties
of the individual components of the solid–liquid mixture and not their interaction.

Several researchers have tested this model for electrical conductivity of diverse
nanofluids so as to verify whether it can predict their experimental results, but have
reached a conclusion that it fails to predict the behaviour of nanofluid and do not
comply with the practical findings (Ganguly et al. 2009; Lisunova et al. 2006).
Lisunova et al. (2006) stated that the classical Maxwell model fails to predict the
electrical conductivity of MWCNT-based nanofluids due to the elongated shape
and high aspect ratio of the nanotubes that is not valid for usage of the Maxwell

Table 2 Approximations made by Cruz et al. (2005) to the Maxwell model (1881)

Condition Simplified form of Maxwell’s equation

If the dispersed phase, that is, nanoparticles are of
insulating type (λp � λbf)

λeff
λbf

= 1 − 3
2φ

If the dispersed phase, that is, nanoparticles have
same conductivity as that of the basefluid (λp = λbf)

λeff
λbf

= 1

If the dispersed phase, that is, nanoparticles are of
conducting type (λp � λbf)

λeff
λbf

= 1 + 3φ
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model. A higher electrical conductivity of the suspension for the concentration higher
than 0.01 volume fraction was found, which was reportedly happening due to the
aggregation and networking of the MWCNTs which form electroconductive clusters
that behave as a pathway for electrical conductance. But this is not true for every
kind of nanoparticles as proposed by Chakraborty and Padhy (2008) as the reduction
in the density of particles due to their agglomeration shall reduce the electrical
conductivity or if the particles are naturally non-conductive. Ganguly et al. (2009)
also suggested that the Maxwell’s model cannot predict the electrical conductivity.
They have reported that the Maxwell model underpredicts the electrical conductivity
of water-based Al2O3 nanofluids when compared to the experimental values. This
was due to the dependence of electrical conductivity of the Al2O3 nanofluids on some
additional factors rather than only the physical properties of the fluid and particles.
Therefore, they presented a new correlation, as given in Eq. (20), to predict the
electrical conductivity of the nanofluids.

(λeff − λbf)

λbf
= 3679.049φ + 1.085799T − 43.6384 (20)

Further, Konakanchi et al. (2011) studied the electrical conductivity of three types
of nanofluids, namelyAl2O3, SiO2 andZnOnanofluids, using propylene glycol/water
mixture as the basefluid. They developed a correlation given in Eq. (21) for prediction
of electrical conductivity of the Al2O3 nanofluids (λn f ) with respect to temperature
(T) which has correlation coefficient of 0.9923.

λnf = 1.3732T − 355.39; 273K ≤ T ≤ 363K (21)

Also, for electrical conductivity of the SiO2 nanofluids (λnf), they have con-
firmed the agreement of the experimental data with respect to temperature (T) with
correlation given in Eq. (22) which has correlation coefficient of 0.99.

λnf = 2.5241T − 641.04; 273K ≤ T ≤ 363K (22)

Similarly, for electrical conductivity of ZnO nanofluids (λn f ), a correlation was
developed. But, unlike the equation forAl2O3 nanofluid and SiO2 nanofluid electrical
conductivity, the equation for ZnO nanofluid electrical conductivity was a second-
order polynomial equation as given in Eq. (23) which has correlation coefficient of
0.99.

λnf = −0.0012T 2 + 1.0844T − 202.61; 273K ≤ T ≤ 363K (23)

Similarly, for the modelling of electrical conductivity of Al2O3 nanofluid (λnf) in
relationwith the percentage volumetric concentration of the nanofluid (φ) the authors
present a polynomial equation, as given in Eq. (24), having correlation coefficient of
0.9994.
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λnf = −0.2996φ2 + 12.242φ + 3.5475; 1% ≤ φ ≤ 10% (24)

Further, they also developed correlations for electrical conductivity (λnf) in rela-
tion with the average particle size (d) for Al2O3, SiO2 and ZnO nanofluids as given
in Eqs. (25), (26) and (27), respectively.

λnf

λbf
= [−1772.883φ2 + 1128.208φ + 14.425

] ×
[

−2.069

(
T

T0

)2

+ 4.578

(
T

T0

)
− 2.204

]

× [11.456
(
d0
d

)
− 16.256] (25)

λnf

λbf
= [

2928.485φ2 + 23095.615φ + 419.136
]

×
[

−3.373

(
T

T0

)2

+ 7.3092

(
T

T0

)
− 3.3397

]

(26)

λnf

λbf
= [−8177.324φ2 + 1413.054φ + 2.2848

] ×
[

−2.719

(
T

T0

)2

+ 5.594

(
T

T0

)
− 2.584

]

× [11.681
(
d0
d

)
− 8.383] (27)

Ohshima (2003) investigated the electrokinetic phenomena of a dilute colloidal
suspension consisting spherical particles in a salt-free medium that contains counter-
ions. Further derivation for electrophoretic mobility of the suspended particles has
been presented and expression for determining the electrical conductivity of the
suspensions has been obtained. Further two types of cases have been stated for
the model depending upon the relation between the actual charge, that is, amount of
nanoparticles and its critical value. The first case states that if the charge is lower than
the critical charge value, then there is a linear increase in the electrical conductivity
and electrophoretic mobility occurring due to counter-ions with the increase in the
charge. The second case states that if the charge is higher than the critical charge
value, then the electrical conductivity and electrophoretic mobility become constant
and are independent of the charge, that is, amount of nanoparticles due to counter-ion
condensation effects. White et al. (2011) studied the electrical conductivity of ZnO-
based nanofluids prepared using propylene glycol as a basefluid. They have used
the model developed by Ohshima and clearly found that their experimental values
are consistent with those given by the model. At lower volume fractions, the first
case of the model is found to be satisfactorily predicting the electrical conductivity
values arising due to the counter-ions and gives a linear fit. This model departs
from a certain critical concentration proving the counter-ion condensation occurring
at concentrations higher than the critical value. So they have also stated that this
condition of the nanofluid is due to the elongated geometry which is different from
that assumed by the model and that the optimization of the counter-ion condensation
effects can increase their applicability. Minea and Luciu (2012) studied the Maxwell
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model along with the Bruggeman model (1935a, b) as given in Eq. (28) for Al2O3

nanofluids prepared in water, but both the models could not predict the experimental
data.

1 − φ = kp − keff
kp − kbf

(
kp
keff

)1/3

(28)

So, they presented a new model, by performing a regression analysis, having
a correlation coefficient of 0.9975 which is given in Eq. (29) relating the thermal
conductivity of the Al2O3/water nanofluids (λ) with temperature (T) and volume
fraction (φ).

λ = 176.69 + 588.41φ − 13.64T − 86.31φ2 + 0.36T 2 + 1.07Tφ

+ 11.06φ3 − 0.003T 3 + 0.18T 2φ − 1.01Tφ2 (29)

Again, as found out by Shen et al. (2012) for ZnO nanofluids prepared using insu-
lated oil as a basefluid, the Maxwell model underpredicts the electrical conductivity
of the nanofluid. They concluded that the electrical conductivity of the nanofluid
depend on two additional factors along with Maxwell electrical conductivity (λM ).
Those two factors are the electrical conductivity due to electrophoresis (λE ) and
due to the Brownian motion (λB). The equation thus derived by them to predict
the electrical conductivity of the ZnO-insulated oil nanofluid is as given in Eq. (30)
where λbf is the electrical conductivity of the basefluid, φ is the volume fraction
of the nanoparticles in the nanofluid, εr is the relatively dielectric constant of the
nanofluid, ε0 is the dielectric constant of the vacuum, U0 is the zeta potential of the
nanoparticles relative to the basefluid, r is the radius of the spherical nanoparticle, R
is the thermodynamic constant, t is the temperature, L is the Avagadro’s constant, λ
is the viscosity index of the fluid, T0 is the temperature of the nanofluid at which the
viscosity is measured, ρ is the nanofluid density and ν is the nanofluid kinematic vis-
cosity. This equation is valid for particles with higher electrical conductivity than the
basefluid as the first term, that is the term for Maxwell conductivity, is approximated
for such solid–liquid systems.

λ = λM + λB + λE = λb f (1 + 3φ)

+ 3φεrε0U0

r3/2

(
RT

L
ε

eλ(T−T0)

3Πρν(1 + 25φ + 625φ2)

)1/2

+ 2φε2r ε
2
0U

2
0

ρν(1 + 25φ + 625φ2r2)
eλ(T−T0)

(30)

Similar studywas done byDong et al. (2013) for transformer oil-based aluminium
nitride (AlN) nanofluids in which they reported that the experimental electrical con-
ductivity is in good agreement with the one predicted using the model given in
Eq. (31), which is similar to the previous one by Shen et al. (2012) ignoring the
effect of Brownian motion.
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λ = λM + λE = λp + 2λb f − 2φ(λb f − λp)

λp + 2λb f − φ(λb f − λp)
+ 2φε2r ε

2
0U

2
0

ρν(1 + 25φ + 625φ2r2)
eλ(T−T0)

(31)

The Shen’s model (2012) has been used by Bagheli et al. (2015) to predict elec-
trical conductivity of Fe3O4 nanofluid and found that it can satisfactorily predict the
electrical conductivity at lower volume fraction. However, at higher concentrations
the Shen’s model fails to predict the electrical conductivity of Fe3O4 nanofluid which
is reportedly due to the agglomeration effects which are not considered in the model.

Sarojini et al. (2013) found that the Maxwell model fits well for conducting par-
ticles like Cu but not for non-conducting particles like Al2O3 and CuO dispersed in
polar solvents. In fact, the Maxwell model underestimates the electrical conductivity
of Al2O3 and CuO nanofluids. Same has been found by Zakaria et al. (2015) for
water/ethylene glycol mixture-based Al2O3 nanofluids with ethylene glycol concen-
tration in the basefluid above 40%. At higher ethylene glycol concentration, that is,
above 80%, there is negligible error between the experimental value and the predicted
value by the Maxwell model. Hadadian et al. (2014) studied the electrical conduc-
tivity of graphene oxide-based nanofluids and found out an equation for predicting
electrical conductivity for the sheet-like material dispersed in water. They developed
an equation for a range of temperature amongst which at 25 °C, the empirical rela-
tionship is as given in Eq. (32) having a correlation coefficient of 0.9998, where fm
is the mass fraction of the graphene oxide sheets in the nanofluid.

λ = 32.32 + 333228.571 fm (32)

Water-based nitrogen-doped graphene nanofluids using Trixton X-100 as a sur-
factant for dispersion were prepared by Mehrali et al. (2015) and similar equation
was found out for determining the electrical conductivity of the nanofluid in relation
with the weight percentage (wt%) at 25 °C having a correlation coefficient of 0.999
as given in Eq. (33).

λ = 5.7471 + 1517.8 × (wt.%) (33)

The electrical conductivity of MgO/ethylene glycol nanofluids is also incorrectly
predicted by the Maxwell as well as the Ohshima’s model as per the study of Adio
et al. (2015). Also, for Al2O3 nanofluids prepared using bio-glycol/water mixtures
as basefluid, the Maxwell’s model shows similar characteristics to those obtained by
experiment but underpredicts the experimental data as found out by Abdolbaqi et al.
(2016). Shoghl et al. (2016) studied a wide range of water-based nanofluids, namely
Al2O3 nanofluid, carbon nanotube (CNT) nanofluid, CuO nanofluid,MgO nanofluid,
TiO2 nanofluid and ZnO nanofluid and found that the electrical conductivity of all
these nanofluids cannot be satisfactorily predicted by the Maxwell model. So, they
proposed new models for electrical conductivity (λ) of each nanofluid as given in
Eqs. (34), (35), (36), (37), (38) and (39), each with a correlation coefficient of 0.999,
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0.962, 0.998, 0.998, 0.999 and 0.976, respectively, as a function of volume percent
of the nanofluid (φ).

λ = 20182.365 − 0.0236 ln(φ) − 177.905

ln(φ)
− 20193.232e−φ; 0 < φ < 0.5

(34)

λ = 59.9851 ln(φ) + 626.2985; 0 < φ < 0.5 (35)

λ = 5.7234 + 1565φ2 − 3.835 × 109φ3 − 24.397φ0.5ln(φ); 0 < φ < 0.3 (36)

λ = 94.07 − 597560.2φ2 ln(φ) − 434.468φ0.5 ln(φ)

− 0.00018(ln(φ))2; 0 < φ < 0.55 (37)

λ = 5.685 − 100847.89φ − 14519.151φ ln(φ)

− 209917.22φ

ln(φ)
− 17.459

ln(φ)
; 0 < φ < 0.52 (38)

λ = 1950427497.325φ3 − 10130820.427φ2

+ 16263.712φ + 45.856; 0 < φ < 0.35 (39)

Nurdin and Satriananda (2017) reported that the electrical conductivity of
maghemite (γ-Fe2O3)/water nanofluids also cannot be predicted by the Maxwell
and Bruggeman model. Modern modelling techniques like the use of artificial neural
network (ANN) have equipped researchers with newer methods to predict the elec-
trical conductivities of nanofluids as studied by Aghayari et al. (2018). They found
that the ANN canwell predict the electrical conductivity of CuO/glycerol nanofluids.
Cruz et al. (2005) have stated that the electric double layer (EDL) plays a major role
in determining whether the nature of the suspended particles is insulating or con-
ducting and also that this nature can be altered which is bound to affect the stability
of the nanofluid.

4.6 Applications Based on Electrical Conductivity
of Nanofluid

Applications of nanofluids particularly exploiting their electrical conductivity have
not been yet discovered. It has been only studied by Zakaria et al. (2015) that the
electrical conductivity of nanofluid applied for thermal application shall affect its
thermal conductivity. It is reported that the Al2O3/water/ethylene glycol nanofluid
in the role of coolant in the proton exchange membrane fuel cell (PEMFC) receives
ions due to the contamination of the bipolar plate of the cell and also because of
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the oxidation of ethylene glycol which is a component of the nanofluid’s basefluid
due to its degradation during the process (Dill 2005; Zhang and Kandlikar 2012).
Also, it has been known that the electrical conductivity of the coolant can cause the
occurrence of shunt current and electrolysis of the coolant on the electrical appliance
(Elhamid et al. 2004; Gershun et al. 2009). Such occurrence of shunt current leads
to the decrease in the efficiency of the appliance and can prove harmful to the user.
They have analysed the thermo-electrical conductivity (TEC) ratio of the nanofluid
which is advantageous at a higher value for its nanofluid application in fuel cell.
Thus, this shows that the significance of electrical conductivity is in determining the
feasibility of the application of a nanofluid for thermal applications in an electrically
active environment.

5 Particle Size Distribution of Nanofluids

Particle size distribution (PSD) as specified earlier is the amount of particles present
in the nanofluid classified according to their sizes. It gives the estimate of the variance
of the sizes of the particles dispersed in the nanofluid. Nanofluids containing particles
of a same size are called as monodisperse nanofluids and that containing particles
of different sizes are called as polydisperse nanofluids. A monodisperse nanofluid
exhibits a narrow particle size distribution, whereas a polydisperse nanofluid exhibits
a wide particle size distribution, as shown in Fig. 11. As we already know that
the various thermal, optical, electrical, mechanical and physical properties of the
nanoparticles rely on their size (Dhamoon et al. 2018), so the study of the size
distribution of these nanoparticles in the nanofluid is of great importance. It is to be
first made clear that the size of the particle and the particle size distribution are two

Fig. 11 Schematic of types of particle size distribution curves
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different terminologies even though the latter is dependent on the earlier. There are
many factors that affect the particle size of the nanoparticles in the nanofluid and so
they indirectly affect the particle size distribution.

5.1 Characterization Techniques Used for Particle Size
Distribution

There are several methods that can be used for determining the particles size of the
nanoparticles dispersed in the nanofluid and characterize its particle size distribution
(Lin et al. 2014). Dynamic light scattering is the method in which the intensities at
which the laser beam is scattered by the nanoparticles are measured, which depends
on their Brownian motion in the nanofluid. So, the hydrodynamic diameter (Dh) as
a measure of particle size can thus be known by using the Stokes–Einstein relation
given in Eq. (40) where kb is the Boltzmann’s constant, T is the thermodynamic
temperature, n is the viscosity and Dt is the translational diffusion coefficient.

Dh = kbT

3ΠnDt
(40)

In DLS, the hydrodynamic diameter is considered, which is equivalent to the
diameter of a spherical particle that would have same translational diffusion coeffi-
cient. The Raman scattering technique is another technique that uses the differences
in frequencies of the photons scattered after they are incident on a material and
interact with the dipoles of its molecules. It gives the indirect measure of the size
distribution of the nanoparticles.

There are electron microscopy techniques, like SEM and TEM, which examine
the nanofluid stability and thus give an estimate of the particles size distribution.
These methods use high-resolution microscopic techniques to capture images using
electron beam. Both the methods include the evaporation of the basefluid and then
capturing the image of the particles remaining on the grid of the microscopes. A
direct determination of the size of all the particles seen in the image can give a
size distribution of the nanofluid. Another method for determination of the size
distribution of the nanoparticles, known as atomic force microscopy (AFM), uses a
cantilever machined at micro-size having a sharp tip to detect its deflection caused
by the repulsion forces and thus generate an image of the material. Another method
is the UV–visible spectrophotometry that makes use of the amount of light absorbed
by the nanoparticles to classify them into different sizes. Nanomaterials of different
sizes absorb light at different wavelengths. The absorbance of light by a nanofluid is
a function of size of the nanoparticles present in it and so their size can be indirectly
known from the UV–visible spectra of the nanofluid.
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5.2 Factors Affecting Size Distribution of Particles
or Aggregation in Nanofluids

The distribution of particles throughout the nanofluid can be definitely a function
of the nanomaterial synthesis method as well as nanofluid synthesis method. But
there are several other factors that completely alter the distribution of the sizes of the
particles when dispersed in the nanofluid. Some of them are discussed here.

5.2.1 Time of Sonication During Synthesis of Nanofluid

As we have already seen in previous sections of this chapter, there are basically two
types of nanofluid synthesis methods. Amongst them, the two-step method involves
drying of nanoparticles and then re-dispersing them before application using either
mechanical means or ultrasonication, the latter being used at most of the times. But
this method also gives scope for the nanoparticles to form clusters and aggregates
and form a polydisperse nanofluid due to inefficient dispersion due to insufficient
ultrasonication (Mahbubul et al. 2015). Ma and Banerjee (2017) have specified that
there are four steps involved in the formation of particles, namely thermal decompo-
sition, nucleation, diffusion growth and particle coagulation. Under the assumption
that there is no coagulation of the nanoparticles, they have observed that the nanofluid
shows almost monodisperse characteristics of size distribution and that the particle
size increases as the reaction is proceeding. Also, the coagulation of the particles at
the end of reaction happening due to Brownian motion-induced collisions produces
a polydisperse nanofluid.

Suganthi andRajan (2012) studied the effect of ultrasonication time on the particle
size distribution of ZnO-based nanofluids prepared using water as a basefluid. They
have clearlymentioned that the hydrodynamic size of the nanoparticles reduces as the
ultrasonication time for dispersion increases. An optimum particle size distribution
that gives a minimum hydrodynamic size of the nanoparticles has been found out
as 3 h for 0.5 vol.% ZnO-based nanofluid. A further increase in ultrasonication
time leads to agglomeration of the nanoparticles resulting in a higher particle size.
Silambarasan et al. (2012) prepared TiO2 particles using the stirred bead milling
approach and then dispersed it in water to produce nanofluid using ultrasonication
method. They found a wide size distribution of the particles produced by the stirred
bead milling method ranging from 40 to 900 nm. They found that sonication of 6 and
7 h almost de-agglomerates the larger-sized particles and narrows down the particle
size distribution of the TiO2 nanoparticles between the sizes of 35 and 300 nm.
Sonication time of 7 h increases the percentage of smaller-sized particles even more.
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5.2.2 Concentration of Nanoparticles in Nanofluid

The concentration of the nanoparticles affects the particle size distribution of the
nanoparticles in the nanofluid in a way that a large quantity of nanoparticles may
form larger agglomerates and broaden the particle size distribution. Colla et al. (2014)
prepared ZnO nanofluids and studied the effect of concentration on the intensity of
size distribution of the particles in the nanofluid. They found that the intensity of
particles in the narrow range increases as the ZnO nanofluid concentration increases
from 1 to 5%. But the intensity again decreases as the nanofluid concentration further
increases to 10% which can be due to the agglomeration of the some particles and
formation of larger size particles, thus broadening the size distribution curve. Juneja
and Gangacharyulu (2017) studied the effect of concentration of particle size distri-
bution of Al2O3-based nanofluid prepared using distilled water, ethylene glycol and
mixture of water/ethylene glycol (in the ratio 75:25). They prepared Al2O3 nanoflu-
ids in the volume fraction range of 0.1–1%. For water-based Al2O3 nanofluids, the
mean diameter of the nanoparticles first increased till a volume concentration of 0.25
vol.% and then showed a decreasing trend till 1% nanofluid concentration. The one
prepared using ethylene glycol as a basefluid showed a straight decrease in the mean
diameter of Al2O3 nanoparticles, while the nanofluid prepared in water/ethylene gly-
col mixture as a basefluid exhibited no change in the mean diameter after increasing
the nanofluid concentration above 0.5 vol.%.

5.2.3 Addition of Surfactants

Surfactants in the nanofluids play an important role in the dispersion of the nanopar-
ticles and in preventing formation of agglomerates. Wang et al. (2009) studied the
effect of addition of sodium dodecylbenzene sulfonate (SDBS) surfactant on the
particle size distribution of Al2O3 and Cu nanoparticle in water-based nanofluids.
They found that the presence of SDBS shifts the whole size distribution curve of
both the nanofluids prepared at 0.05 wt% concentration to lower particle size range.
In a similar study, Das et al. (2016) found that the TiO2–water nanofluids can be
well stabilized using acetic acid and cetyl trimethylammonium bromide (CTAB) as
dispersants. They purchased 21 nm-sized TiO2 nanoparticles, but their dispersion in
water produced nanofluid containing average particle diameter of 147.6 and 207.7 nm
with surfactants acetic acid and CTAB, respectively, at respective nanofluid concen-
trations of 1.5 and 1 vol.%. The higher size of the particles detected in the nanofluid
occurred due to thermodynamically stable TiO2 nanoparticle cluster formed in the
nanofluid.

Saterlie et al. (2011) conducted a comparative study of the effect of two types
of surfactants, namely cetyl trimethylammonium bromide (CTAB) and oleic acid,
on the particle size distribution of Cu nanoparticles in water-based nanofluids at
0.55 and 1 vol.% concentrations of the nanoparticles. They observed that oleic acid
and CTAB are able to produce Cu nanofluids with particle size distribution at lower
ranges having an average particle size of nearly 120 and 80 nm, respectively, at a
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nanofluid concentration of 0.55 vol.%. A similar size distribution is also obtained
by using CTAB in 1 vol.% Cu nanofluid. But when oleic acid is used for dispersing
same concentration of Cu nanoparticles in water, a substantial increase in the size of
the particles is observed and the size distribution shifted to higher ranges exhibiting
an average particle size of 800 nm. This was reported to be happening due to the
heavy agglomeration of the nanoparticles due to inefficiency of oleic acid to keep
them de-agglomerated and its failure in producing stable nanofluid.

5.2.4 Temperature

The temperatures, as known earlier, tend to affect the surface charges of the particles,
which may affect their tendency to agglomerate. Also, the Brownian motion of the
particles is greatly affected by temperature, which may have an indirect effect on the
particle size. It was found by Suganthi and Rajan (2012) for ZnO-based nanofluids
that the average particle hydrodynamic size increases with increase in temperature
of the nanofluid. This was found to be happening due to the increase in Brownian
motion of the particles. They prepared water-based ZnO nanofluids using sodium
hexametaphosphate (SHMP) as a stabilizing agent. The adsorption of PO3− ions
generated due to dissociation of SHMP when dissolved in water on the surface of
the ZnO nanoparticles reduces their agglomeration. This chemisorption of the PO3−
ions over the surface of the particles is a function of temperature and so an increase
in the temperature resulted in the shift of the equilibrium of this exothermic adsorp-
tion towards desorption which is favourable at higher temperatures. Ultimately, this
process leads to production of vacant sites on the surface of the ZnO nanoparticles,
facilitating particle–particle interaction and thus agglomeration of the nanoparticles.
Being dependent on the equilibrium of the adsorption of the PO3− ions, this process
is reversible and so restoration of the PO3− ions took place as the temperature of
the nanofluid was decreased and the difference between the particle size during the
heating and cooling cycle was 2 nm at 25 °C.

5.3 Influence of Particle Size Distribution on Properties
of Nanofluids

Particle size distribution of nanofluids determines whether the nanofluid is monodis-
perse or polydisperse. Size of the particles dispersed in the nanofluid impacts a lot
of thermo-physical properties of the nanofluid. Below is given how the particle size
distribution affects the thermal and optical properties of nanofluids.
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5.3.1 Thermal Properties

Polydispersity of the nanofluids has a significant impact on the nanofluid thermal
conductivity (Karthikeyan et al. 2008). It has been found out by Feng et al. (2008)
that the thermal conductivity of the nanofluids is better when they exhibit uniform
size distribution and that it is less when the size distribution is non-uniform.

Zhou and Wu (2014) developed a model of thermal conductivity as a function
of PSD considering the clustering of the nanoparticles in tightly packed aggregates,
as given in Eq. (41), where knf is the thermal conductivity of nanofluid containing
primary particles aswell as clusters, kbf is the thermal conductivity of basefluid, kpm is
the thermal conductivity containing primary particles, kp is the thermal conductivity
of the particles, ξ is the shape factor defined as ξ = 3/ψ (ψ is the sphericity of the
nanoparticle clusters), φc is the volume fraction of clusters in the nanofluid and is the
product of volume fraction of nanoparticle clusters in the nanofluid, φcs , and volume
fraction of nanoparticles in the spherical clusters, φins.

knf
kbf

= kp + (ξ − 1)kpm − (ξ − 1)φc
(
kpm − kp

)

kp + (ξ − 1)kpm + φc
(
kpm − kp

) (41)

5.3.2 Optical Properties

Most of the times while characterizing the nanofluid we take into consideration its
optical properties, a monodisperse system is assumed, even though practically, the
particles are always dispersed in a polydisperse manner to some degree (Qin and Lee
2018). This is due to the fact that the larger-sized particles enhance the scattering of
longwavelengths, unlike the small-sized particles that absorb only short wavelengths
(Du andTang 2015). Thus, the absorption ofwavelengths by the nanofluid depends on
the various sizes of nanoparticles dispersed in it, that is, on the size distribution of the
nanoparticles. Agglomeration in such case plays a very important role. Agglomerates
of nanoparticles shift the wavelength of absorption of the nanofluid. Agglomeration
leads to conversion of a nearly monodisperse nanofluid into polydisperse nanofluid
that distorts its absorption spectra. Optical properties of nanofluids play a major role
in the solar thermal applications of nanofluids and so the particle size distribution of
the nanofluids gains importance (Crisostomo et al. 2017; Hjerrild et al. 2016).

6 Summary

The field of nanotechnology has given rise to nanofluids that are proved to be hav-
ing superior properties than conventional fluids. The two preparation methods of
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nanofluids are discussed in this chapter along with few properties. The main proper-
ties of nanofluids are their thermal, electrical and optical properties which are very
important as far as the various applications of nanofluids are concerned. Accordingly,
there are some factors that affect these properties. There is certain mechanism which
is responsible for the extraordinary behaviour of nanofluids.

Enhanced thermal properties of the nanofluids are an outcome of the high sur-
face area provided by the nanoparticles in the nanofluid, their Brownian motion in
the nanofluid and the interfacial layer of the basefluid that surrounds the nanopar-
ticles and possesses higher thermal conductivity than the rest of the fluid in bulk.
These are helpful in various heat transfer enhancement processes as studied by var-
ious researchers. Also, the formation of EDL on the surface of the nanoparticles
is responsible for electrical conductivity of the nanofluids. There are model rela-
tionships that are useful in predicting the thermal conductivity as well as electrical
conductivity of the nanofluids, as found out by various researchers. The role of zeta
potential in the electrical properties of the nanofluids is also a factor to be considered.
Researchers have used several methods to measure the thermal and electrical con-
ductivities of the nanofluids, amongst which few have become very famous. There
are several applications based on the thermal properties of the nanofluids but very
few are based on the electrical properties of the nanofluids. Particle size distribution
is yet another property that has importance as far as thermal and optical properties
of the nanofluids are concerned. There are several factors that affect the particle
size distribution. Agglomeration is one basic property that must be considered while
determining the polydispersity of the nanofluids.
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Abstract Nanotechnology is the most promising and interdisciplinary field of
research that has been growing rapidly worldwide in different fields. Nanotechnol-
ogy commits a sustainable development through its continuous growth toward green
chemistry to develop “green nanotechnology”. Green nanotechnology is implemen-
tation of green chemistry and green engineering principles in the field of nanotechnol-
ogy to influence the size of nanoparticles within a nanoscale range to make biogenic
nanoparticles. These biogenic nanomaterials can help in solving serious environ-
mental challenges in the area of wastewater treatment, pollutant removal, fatal dis-
eases, climate change, and solar energy conversion. This review provides a brief idea
about the current potential applications of nanotechnology into the bio-environmental
systems and how this technology can help in the synthesis of biogenic nanoparti-
cle. Biogenic synthesis of nanoparticles is an environmentally friendly approach; it
reduces environmental pollutants and conserves natural resources without creating
any environmental damages.
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1 Introduction

1.1 Nanotechnology

Nanotechnologyhas recently become themost important area of researchwhich deals
with the manufacturing of new materials; it creates new processes and new appli-
cations (Ibrahim et al. 2016). Nanoparticles are synthesized by numerous physical,
chemical, and biological methods. A biological method includes microbes, fishes,
plants, and so on, for manufacturing of biogenic nanoparticles. This biological pro-
cess does not involve any harmful chemicals and solvent. Thismethod of nanoparticle
synthesis is termed as “green synthesis”.

It combines knowledge from diverse dimensions of science and found a major
contribution to the field of physics, chemistry, biology, and medicine. It is one of the
most rapidly growing fields of technology that has raised variety of new frontiers
of research. Recently, nanotechnology focused on developing “clean” and “green”
technologies which have various significant environmental benefits and has become
a brand known as “green technology”.

Nanotechnology is also formed in conjugation with biotechnology and engineer-
ing technologies, for synthesis of environment-friendly biogenic nanoparticles. The
nanoparticles made from green innovations are eco-friendly, energy-efficient, reduce
waste, and diminish greenhouse gas emissions. These nanoparticles have several
advantages because of uniform size and shape. They remove harmful chemicals and
pollutants from environment by counteracting them or through alteration in various
synthesis conditions. These synthesized nanoparticles do not disturb earth’s ecosys-
tem and also conserves its natural resources (Ali Mansoori et al. 2008; Bhavani et al.
2014).

1.2 Green Technology and Green Nanotechnology

Green technology is an environment-friendly and innovative technology which con-
serves natural resources in order to make a sustainable development. Themajor goals
of this technology are to reduce non-renewable resource, reduce energy usage, and
increase the human quality in life without damaging natural resources on earth. This
includes environment sustainability, source reduction, energy, green building, and
green chemistry.

Green nanotechnology is the branch of green technology, with green energy sys-
tem, green information technology, that uses green chemistry and green engineering
principles. The principles of this technology are to produce safer and sustainable
nanoparticles. For sustainable development of these nanoparticles, the biogenic pro-
cess is required nowadays because they are eco-friendly, cost-effective, and consume
less energy; it does not impart any hazardous effect on the environment and produces
safer products and by-products (Patra and Baek 2014; Rani and Sridevi 2017).
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2 Approaches for the Synthesis of Nanoparticles

Nanoparticles (NPs) are a group of substances where at least one dimension is lesser
than the 100 nm. A nanoparticle shows various properties, such as enhanced reactiv-
ity, sensitivity, surface area, and stability. Nanoparticles are mainly divided into two
parts: organic and inorganic nanoparticles. Natural or organic nanoparticles include
carbon nanoparticles such as fullerenes, and inorganic nanoparticles include mag-
netic nanoparticles, steel nanoparticles (like silver and gold), and semiconductor
nanoparticles (like titanium dioxide, magnesium, and zinc oxide). Various methods
are used to increase the properties of nanoparticles and reduce the production costs.
The processing conditions of nanoparticles are needed to be controlled for identi-
cal shape, identical size, and identical chemical composition of the particles (Ali
Mansoori et al. 2008).

According to Siegel, nanomaterials are differentiated by 0-dimensional, 1-
dimensional, 2-dimensional, and 3-dimensional (Lusvardi et al. 2017). The nano-
materials exist in different forms, such as single, fused, and aggregated with spheri-
cal, tubular, and irregular shapes. Nanoparticles are synthesized by two approaches:
top-down and bottom-up (Mom et al. 2007).

The top-down approach includes the breaking of larger materials into smaller
nanoparticles. It refers to slicing and breaking of large material to get nano-sized
particles. And the bottom-up approach or constructive method refers to building up
of thematerial from the bottom: atom by atom,molecule bymolecule, whichmeans a
build-upofmaterial fromatom to clusters to nanoparticles (Chen et al. 2014;Marchiol
2012; Shukla et al. 2017). Top-down approach is mainly used in microfabrication
methods. Attrition and milling for making nanoparticles are examples of top-down
processes. The bottom-up approach is mainly used in the concept of molecular self-
assembly. Synthesis of biogenic nanoparticles with the help of microorganism and
plants by bottom-up approach is a very prominent, easy, and cost-effective method
to synthesize green nanoparticles. The synthesis of nanoparticles by top-down and
bottom-up approaches is shown in Fig. 1.

2.1 Synthesis of Nanoparticles

Various conventional techniques and several methods are used for manufacturing of
nanoparticles (NPs). A couple of processes like physical, chemical, and biological
are used for the synthesis of nanoparticle. Physical methods include plasma arcing,
ball milling, thermal evaporate, pyrolysis, laser deposition, and so on. The chemical
methods include colloids, colloids solution, and sol–gel method for nanoparticles
synthesis. But these methods are costly and affect human health by causing certain
environmental risks on the atmosphere and the survival of all organisms. The non-
toxic and eco-friendly methods for manufacturing of nanoparticles are biological
methods. The biogenic synthesis of nanoparticles with exact dimension and shapes
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Fig. 1 Approaches for the synthesis of nanoparticles

is considered as cost-effective and novelmethod in biomaterial science. The synthesis
of nanoparticles from biogenic methods is now most commonly used for medical,
agriculture, and environmental purposes. A symmetric representation of different
methods used for the manufacturing of these nanoparticles is shown in Fig. 2.

Biogenic synthesis includes the use of naturally present microorganism for the
synthesis of nanoparticles. Microorganisms and pathogen cells are interacting with
metals and form nanoparticles. The most commonly used microorganisms are fungi
bacteria and algae. Except bacteria and fungi, on the other hand, plants are also
used for the synthesis of nanoparticles in the past few years. Several parts of plants
have also been used for the synthesis of nanoparticles, such as leaves, stems, shoots
roots, flowers, and barks. In the biological method, the yield of nanoparticles is very
high as compared to other conventional methods of synthesis and they do not cause
any environmental problems. These biogenic nanoparticles are non-toxic in nature,
biodegradable, and environment-friendly. The synthesis of biogenic nanoparticles is
shown in Fig. 3.
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Fig. 2 Methods for the synthesis of nanoparticles

2.2 Types of Nanoparticles

2.2.1 Metal Nanoparticles

Metal nanoparticles are a type of nanoparticlemainly synthesized by biologicalmeth-
ods. They help to protect the system against toxic effects of metal ion concentration.
Different microorganisms and plants show tolerance to metal ions through this sys-
tem. The most commonly used microorganism for the synthesis of metal nanopar-
ticles is bacteria and fungi. The mainly synthesized metal nanoparticles through
biological system are silver and gold nanoparticles.
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Fig. 3 Biogenic synthesis of nanoparticles

(a) Silver nanoparticles (Ag-NPs)

Silver is one of the fundamental elements that make up our planet (Mom et al. 2007).
Conventionally, the silver NPs are synthesized by various chemical methods. Sil-
ver NPs are ultrafine particles of silver. They are 10–100 nm large and differ from
the bulk silver as they have different color, such as yellow, as opposed to the silver
(Carlson et al. 2008; Chaloupka et al. 2010; Morones et al. 2005). The two most
conventional methods for synthesizing silver nanoparticles (Ag-NPs) via chemi-
cal reduction are Turkevich method (1951), where silver is reduced by trisodium
citrate, and Brust method (1994), where silver is reduced by sodium borohydride.
For biomedical applications, mainly bacteria, fungi, and plants are used. They pro-
duce very large amount of silver nanoparticles which show high antibacterial and
antimicrobial activities against known pathogens.

The most commonly used biochemical methods for production of silver NPs are
silver nitrate andplant extracts. In the biochemical reactions,AgNO3 reactswith plant
extracts and form Ag-NPs. There are several advantages of biogenic synthesis over
the chemical synthesis of silver nanoparticles: the low cost, eco-friendly nature, and
antimicrobial properties of silver show considerable attention in bio-environment
system (Chen and Schluesener 2008). Because of higher antimicrobial properties
the silver nanoparticles are widely used in various pharmaceuticals and biomedical
treatments ( Chugh et al. 2018; Natsuki et al. 2015; Sotiriou and Pratsinis 2011).
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Nowadays, silver NPs also show a wide range of applications in wastewater treat-
ments, laundry detergents, and other cleaning stuffs (He et al. 2018; Rai et al. 2012).
Various properties of silver and silver nanoparticles are shown in Fig. 4.

(b) Gold nanoparticles (Au-NPs)

Gold nanoparticles (Au-NPs) aremost commonly used in biotechnology and biomed-
ical areas because of their large surface area and high electron conductivity. Gold
nanoparticle is used as in assemblies of oligonucleotides, antibodies, and proteins
to form bioconjugates. These bioconjugates show various applications in biomedi-
cal and biomaterials fields (Katas et al. 2018; Kefayat et al. 2019; Khan and Rizvi
2014; Khan et al. 2014; Lee et al. 2007; Vu et al. 2019). Au-NPs are emerging as a
promising agent for cancer therapy and also proved to be the safest and much less
toxic agents for drug delivery. Gold nanoparticles occur as a cluster of gold atoms
up to 100 nm in diameter. The conventional methods for synthesizing gold nanopar-
ticles (Au-NPs) via chemical reduction are the Turkevich method, Brust method,
and Martin method. The biogenic synthesis of gold nanoparticles is also done by
various microorganisms like bacteria and fungi. For the synthesis of biogenic gold
NPs, the most commonly used microorganisms are Pseudomonas aeruginosa and
Rhodopseudomonas (Singh et al. 2014, 2015). Schematic representations of gold
nanoparticles used in biomedical practices are shown in Fig. 5.

Fig. 4 Properties of silver nanoparticles
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Fig. 5 Properties of gold nanoparticles

(c) Zinc oxide nanoparticles (ZnO)

Zinc is one of the most essential microelements. Owing to nano-dimension, the
zinc particle ZnO acquires specific physical and chemical characteristics which are
different from known metal compounds ( Bogutska et al. 2013). Nanoscale zinc
particles are typically 20–40 nm in size and are also available in 100 nm ranges. The
ability of ZnO nanoparticles is to absorb a wide spectrum of radiation (ultraviolet,
microwave, infrared, and at radio frequencies) that can be used for manufacturing
cosmetic creams, ointments, and so on, which protect the organism from ultraviolet
radiation. ZnO nanoparticles of 20–30 nm in size display antibacterial properties
which are now used in the textile industry for producing fabrics for clothes. The
formation of nanoparticles was monitored by SEM and FTIR spectroscopy.

(d) Copper nanoparticles (Cu-NPs)

Copper is a ductile metal, which has very high thermal and electrical conductiv-
ity. Cu-NPs show widespread applications because of their special properties like
antibacterial activities, strong affinity, and strong catalysts activity. Cu-NPs have
specific ligand binding activity with other nanoparticles because of their high sur-
face area and volume ratio. Copper nanoparticles are round in shape and they appear
as a brown to black powder and have various potential applications in the treatment
of wastewater and radioactive waste by photochemical reactions.

(e) Titanium dioxide nanoparticles (TiO2 NPs)

Recently, titaniumdioxide nanoparticles aremanufactured in large quantities because
of its photostability properties. TiO2 nanoparticles have the ability to block the ultra-
violet radiation exposed by sun. Nowadays, TiO2 nanoparticles are widely used in
sunscreens to protect human skin by photo damage. They are widely used because
of their high photocatalytic and photostability properties. In the medicinal field,
TiO2 nanoparticles play an important role in manufacturing of nanomedicine. TiO2

NPs can also be used in the treatment of wastewaters, like clinical wastewater
and hazardous industrial wastewater (Lusvardi et al. 2017). Recently, the biogenic
titanium dioxide nanoparticles are most commonly used in advanced imaging and
nanotherapeutics.
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Fig. 6 Synthesis of bimetallic nanoparticles

2.2.2 Bimetallic Nanoparticles (BMNPs)

Syntheses of nanoparticles by a combination of two metal nanoparticles are termed
as “bimetallic nanoparticles” (BMNPs) (Mazhar et al. 2017). In this type of nanopar-
ticle, two metal nanoparticles have separate function to carry out overall reac-
tion. Bimetallic nanoparticles have specific catalytic and selective activity than
monometallic nanoparticles. Syntheses of bimetallic nanoparticles from different
microorganisms were shown in Fig. 6.

There are several methods for the synthesis of bimetallic nanoparticles. The most
commonly used methods are synchronous complexing method, sequential complex
method, and partial substitution method. In synchronous method, two different metal
ions are mixed with polymers to make bimetallic nanoparticles. The most commonly
used bimetallic nanoparticles are shown in Fig. 7.

2.3 Factors Influencing the Synthesis of Nanoparticles

Various factors, such as temperature, pressure, pH, time, particle size, shape,
and the concentration of the extracts, affect the synthesis and characterization of
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Fig. 7 Types of bimetallic
nanoparticles Bimetallic Nanoparticles

Porous

nanoparticles. Factors that influence the synthesis of nanoparticles are shown in
Fig. 8.

1. Mode of synthesis: The synthesis of nanoparticles by physical and chemi-
cal methods includes mechanical protocols and various chemicals (organic and
inorganic). The biological protocols involve natural products, respectively. The
chemical and physical methods are very costly and their synthesized nanopar-
ticles show several harmful effects on the environment. The biological modes
of synthesis of nanoparticles are used widely because this mode of synthesis
of nanoparticles is non-toxic and environmentally friendly in nature (Marchiol
2012; Patra and Baek 2014).

2. pH: pH is the most important and prominent factor for the synthesis of nanopar-
ticles. It influences the size, texture, mode of synthesis of nanoparticles by alter-
ation in the consistency of the media, or by altering the pH of the solution
media.

Fig. 8 Factors that influence
the synthesis of nanoparticles

Mode of synthesis

pH

Temperature

Time

Pressure

Particle shape, size

Environment
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3. Temperature: Temperature is another influencing factor that affects the synthe-
sis of nanoparticles. All three methods—physical, chemical, and biological—
require the highest temperature for the synthesis of nanoparticles. The physical
method requires at least 350 °C temperature and the chemical method requires
less than 350 °C temperature. The synthesis of nanoparticles through biological
system requires less than 100 °C temperature.

4. Time: Time influences properties and the characteristics of synthesized nanopar-
ticles is themost important factorwhich influences the characteristics of nanopar-
ticles. Variations in time affect the growth of nanoparticles, storage, and shelf
life of the nanoparticles. The nanoparticles synthesized by biogenic approach are
mainly influenced by incubation time.

5. Pressure: Pressure which is used for the reaction medium directly affects the
size and shape of the nanoparticles.

6. Particle Shape and Size: Particle shape and size also play important role in
the synthesis of nanoparticles. Properties of nanoparticles are based on accurate
size and shape. Shape and size mainly affects the chemical properties of the
nanoparticles.

7. Environment: Favorable environmental conditions determined the nature of
the nanoparticles. Environment affects the physical and chemical properties of
nanoparticles (Grillo et al. 2014; Hua et al. 2012; Ibrahim et al. 2016).

3 Characterization of Nanoparticles

Characterization means analysis of the materials, structure, composition, and phys-
ical–chemical properties. Characterization of nanoparticles is done by two most
common methods: microscopy and spectroscopy.

Microscopy

1. Scanning electron microscopy (SEM)
2. Transmission electron microscopy (TEM)
3. Field emission scanning electron microscopy (FESEM)

Spectroscopy:

1. X-ray diffraction (XRD)
2. Ultraviolet spectroscopy (UV–Vis)
3. Fourier transform infrared spectroscopy (FTIR)

Characterization of nanoparticles is done by various techniques, like; SEM, TEM,
FTIR, AFM, XRD, UV–Vis spectroscopy. These characterization techniques are
most commonly used to determine the size, shape, structure, and surface area of the
synthesized nanoparticles. Morphology and size of the nanoparticles are determined
byTEM,SEM, andAFM(Choi et al. 2007). Summary of the experimental techniques
that are used for nanoparticle characterization is shown in Table 1.
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Table 1 Characterization techniques for nanoparticles

Techniques Utility

Scanning electron microscopy (SEM) Morphology/topology/imaging

Transmission electron microscopy (TEM) Detect shape, size and localize NPs in
matrices

UV–Vis spectroscopy (UV–Vis) Optical properties, size, concentration

X-ray diffraction (XRD) Crystal structure, composition

Fourier transform infrared spectroscopy
(FTIR)

Surface composition, ligand binding

Field emission scanning electron microscopy
(FESEM)

Topological information

(a) Scanning electron microscopy (SEM)

The basic principle of SEM is when the beam of electrons scattered on the surface
of the specimen, they will interact with the atoms present in the samples. After the
interaction SEM shows signals by generating backscattered electron or secondary
electrons. The results were shown in the form of X-rays that gives the morphological
and topological information of the samples.

Advantages Disadvantages

Bulk samples can be observed Samples must have surface electrical conductivity

Generates photo-like images Time-consuming

Very high-resolution images –

(b) Transmission electron microscopy (TEM)

TEM is another microscopy technique in which the beam of electrons passed through
a thin specimen interacts with the samples. After the interaction of transmitted
electrons and samples the result is shown by generating an image. These images
are seen using CCD cameras or fluorescent screens.
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Advantages Disadvantages

Powerful magnification and resolution Very expensive

Applied in various educational and scientific
systems

Laborious sample preparation

Gives information of the elements and its structures Require special trainings

Images are high-quality and detailed Require special housing and maintenance

(c) Field emission electron microscopy (FESEM)

FESEM is a microscopic technique in which the microscope is used along with
electrons. In this, the electrons are generated by field emission source and the
specimen is scanned by electrons. After the interaction the results were shown in
a zigzag pattern.

Advantages Disadvantages

High-quality and low-voltage images Very expensive

No need to add coatings on the materials –

(d) UV–visible spectroscopy (UV–Vis)

It is a spectroscopic technique which absorbs both ultraviolet and visible lights. It
follows Beer-Lambert law. It means when a beam of monochromatic light passed
through a sample, the rate of radiation intensity and the thickness of the sample are
directly proportional to the concentration of the sample.

Advantages Disadvantages

Give extremely accurate readings Spectra are not highly specific for particular
molecules

Easy and simple to operate and inexpensive Operation and analysis require special training

(e) X-ray diffraction (XRD)

X-ray diffraction is a method that determines the crystalline structures of the com-
pounds. It is preliminarily used for crystalline materials. Analysis of the samples is
done by X-rays. These X-rays are generated by cathode ray tubes present inside the
XRD system.

XRD is an exclusive method in determination of crystallinity of a compound.
It is mainly used for crystalline material. It differentiates amorphous and
crystalline material. The analysis of XRD is based on constructive interference of
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monochromatic X-rays and a crystalline sample. The X-rays are generated in XRD
analysis by cathode ray tube.

Advantages Disadvantages

Least expensive Size limitations

Best method to determine crystal structure Low in sensitivity

(f) Fourier transform infrared spectroscopy (FTIR)

FTIR is another spectroscopy technique that determines the organic and inorganic
components of the unknown mixture of the samples. The main purpose of FTIR
analysis is to identify the chemical bonds present inside the samples.

Advantages Disadvantages

Short measurement time More expensive

Measures entire wavelength range Cannot detect atoms or monoatomic ions

Better sensitivity –

4 Applications of Nanoparticles

Nanotechnology is nowadays used as amost powerful tool in various fields. It rapidly
gains importance toward the wide range of biomedical, industrial, and environmental
applications. Latest applications of nanotechnology are shown in biogenic synthesis
of nanoparticles. These biogenic nanoparticles show their advantages in biomedicinal
to drug delivery systems and early disease detections, agriculture to crop protections,
safe environment, safewater purifications, and solar energy systems. The synthesis of
nanoparticles through biologicalmethodswill play amajor role inmany technologies
because of its cost-effective, rapid synthesis, reasonable, and eco-friendly nature.

Today, the products manufactured by these biogenic nanomaterials have spe-
cific applications in the treatment of cancer, early disease detection, and diagnosis.
There are another several widespread applications of these biogenic nanoparticles
in wastewater purifications, pharmaceuticals, agriculture, and food products, which
were shown in Fig. 9.

4.1 Biomedical Application of Biogenic Nanoparticles

(a) Anticancer and drug delivery
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Fig. 9 Applications of nanotechnology in different fields

Biogenic nanoparticles are recently used in drug delivery and anticancer treatment
because of their advantageous properties (Hong et al. 2006). The biogenic nanopar-
ticles are designed as small so that they can be easily used as oral drug and for
nanoencapsulations (Pandey and Khuller 2007). Gold and silver nanoparticles are
the most commonly used nanoparticles in biomedical applications. Both gold and
silver nanoparticles are capable of detecting and diagnosing the cancer.

Nanoparticles synthesized by physical and chemical methods are toxic in nature.
These nanoparticles show various toxic side effects on human body. So there is a need
to produce biogenic nanoparticles because of their cost-effective and eco-friendly in
nature. Biogenic synthesis of metal nanoparticles provides cost-effective and safe
therapeutics drugs for the treatment of cancer (Campbell et al. 2019; Chaloupka
et al. 2010; Pandey and Khuller 2007). Nanoparticles like TiO2, silica, and Au are
used nowadays in the treatment of breast cancers. These nanoparticles have some
specific ligand-binding characteristics that are capable in detecting the tumors in
breast cancer images (Mu et al. 2017; Peng et al. 2014).

(b) Antibacterial activities

The biogenic synthesis of nanoparticles from microbial sources, like plants, bacte-
ria, fungi, and so on, has become an emerging field due to simple, fast, eco-friendly,
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energy-efficient, and less toxic nature. Themost commonly usedmicroorganisms are
fungi and bacteria that have higher potential antimicrobial activity against known
pathogens. Silver nanoparticles are mainly used against the pathogenic bacteria
because silver have specific biocidal activity. Nanoparticles synthesize endophytic
fungus, Pestalotia sp, and the bacteria S. aureus and S. typhi. Pseudomonas stutzeri
AG259was the first bacterial strain synthesized by nanoparticles (Chugh et al. 2018).

(c) Bio-imaging and disease diagnosis

Nanoparticle technology offers the possibility for characterization and imaging of
tissues, lesion, and cells. Recently, in early disease detection, nanoparticles are used
as a “biomarker”. The biogenic synthesis of these biomarkers includes the synthesis
of small peptides. These peptide biomarkers are sent into the cells at a particular
location and after that they indicate the signals whether a disease is present or not
(Campbell et al. 2019). These peptide biomarkers are also used in protein analysis,
early disease detection, and tissue imaging (Cai et al. 2011; Vu et al. 2019).

4.2 Industrial Application of Biogenic Nanoparticles

a. Nanocomposites

Nanocomposites are a type of nanoparticles in which the nanoparticles are incor-
porated into a matrix to improve the properties of nanoparticles. These matrix-
incorporated nanoparticles are termed as “nanocomposites”. The carbon nanotubes
are specific matrix materials which enhance the properties of nanoparticles (Katas
et al. 2018). Some examples of nanocomposites are:

1. Nanoshells: Nanoshells are a type of nanocomposites that absorb the heat from
infrared light and help in destroying the tumor cells.

2. Nanotubes: Nanotubes are a scaffold of polymer composites which helps in bone
and joint replacement and repairing the structures of bones.

3. Use of graphene to manufacture composites: Addition of graphene (Campbell
et al. 2019) to the composites is used to make the strong nanoparticle composites.
These manufactured composites and its components have the higher strength-to-
weight ratios.

b. Nanoencapsulation of flavor and aromas

Bio-nanocomposite or nanoencapsulation shows various applications in food and
food-packaging materials. Use of flavors and aromas in food helps in preserving
the food materials. Nanoencapsulation is an attractive and emerging technology that
is recently used in food industries. Nanoencapsulation technique provides specific
protection to the food compounds by essential oils, such as glycerol, phenol, and
triglycerides (Mousavi and Rezaei 2011).
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4.3 Environmental Application of Biogenic Nanoparticles

After meeting the major challenges in environment development and sustainability,
the biogenic nanomaterials can help in solving serious environmental challenges in
the area of wastewater treatment, pollutant removal, fatal diseases, climate change,
and solar energy conversion. Nanoparticles are considered a good source for removal
of many organic compounds due to their chemical stability, high oxidation efficiency,
cheap, and are environmentally friendly (Ali Mansoori 2008; Bhavani et al. 2014;
Cai et al. 2011; Hasan et al. 2016).

Some of the environment applications (Chaloupka et al. 2010; Chen and
Schluesener 2008; Chen et al. 2014; Choi et al. 2007) of nanoparticles are:

a. Biosensors: Various nanoparticles, biogenic and non-biogenic, like oxide,metals
are used in constructing of biosensors, and these nanoparticles play a major role
in detecting and sensing systems (Sotiriou and Pratsinis 2011).

b. Wastewater treatment: Nanotechnology shows three types of advantages in the
treatment of wastewater; majorly like treatment and remediation, sensing and
detection, and pollution control. Cleaning of wastewater streams, contaminants
that are toxic in nature, or those that are difficult-to-treat promised treatment of
wastewater because these technologies are rapid, specific, and worthwhile solu-
tions for the treatment of contaminants. Significant concerns also focused on soil
remediation and groundwater sedimentation. Some latest examples of biogenic
treatment of wastewater are nanocoagulants to extract water contaminants from
wastewater streams. In this theActinia-like biomimeticmicellar nanocoagulant is
recently used to treat groundwater. The major use of this technology is to remove
contaminants from water and produce high-quality water (Liu et al. 2019).

c. Nanomaterials for wastewater clean-up: The titanate nanofibers are used as
an absorbent for the removal of heavy metals or several radioactive ions from
the wastewater. These types of nanoparticles are mostly used in the treatment of
radioactive wastewater (Hua et al. 2012).

d. Nanotechnology for battery recycling: Batteries are yet containing different
types of chemicals and hazardous heavy metals, like mercury, lead, copper,
nickel, cadmium and so on, which defile the environment and cause several
risks to human health when they are improperly disposed off. Recently, pure
zinc oxide nanoparticles are used to form recyclable batteries. The Zn-MnO2

alkaline batteries are used nowadays to save the environment (Bogutska et al.
2013).

e. Hydrogen production from sunlight-artificial photosynthesis: Hydrogen pro-
duction from sunlight-artificial photosynthesis is green glow, ecological, and
biodegradable technology that proves to be beneficial for our planet. In this sys-
tem, the solar energy is used to break hydrogen and oxygen from water through
artificial photosynthesis which can offer a clean and green advantageous root for
energy supply from the sunlight (Melis 2012).
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4.4 Agriculture Application of Biogenic Nanoparticles

Nanotechnology is a highly probable technology that will help to recast agricultural
operations (Mousavi SR, Rezaei 2011; Pérez-de-Luque and Rubiales 2009; Prasad
et al. 2017; Sekhon 2014; Singh et al. 2015). In agriculture, it will show highly
fruitful results in controlling fertilizers, nutrient suppliers, and also for sustainable
development (Gruère 2012; He et al. 2018). The implication of the nanotechnology
research in the agricultural sector is becoming to be necessary, and is even a key factor
for sustainable development. Abiogenic nanoparticles, like titanium, zinc, are proved
as good in resource management of agricultural field, drug-delivery mechanisms in
plants, and help to maintain the fertility of the soil. Mainly, zinc oxide nanoparticles
are used to enhance the growth of fertilizers and food crops by making zinc oxide
colloidal solutions.

a. Nanofertilizers

Nanofertilizers are nutrient-rich fertilizers that supply nutrients to the soil and plants
to revive the fertility of the soil. The nanofertilizers are freely available in the market
in the last few years. They will help to maintain the plant growth and sustainability
of soil. The main advantage of nanofertilizers is that they can be used in very small
amount for the growth of plants (Wang et al. 2016).

b. Nanopesticides

Nanoparticles also play a major role in the control of pests and insecticides. Nanoen-
capsulation method is used to make nanopesticides. These nanopesticides have spe-
cial properties, like soil solubility, specificity, and permeability (Bhattacharyya et al.
2016). These nanoencapsulated pesticides are used most commonly because of their
slow releasing properties in the soil which make them suitable and sustainable for
environment. The advantage of these nanopesticides is to develop non-toxic pesticide
to enhance the growth of plants.

c. Nanoherbicides

Economic losses in crop yields and sustainability by weeds cause a serious problem
in agriculture. Because of this serious problem, it is necessary to eliminate weeds
from environment. Nanoherbicides are eco-friendly and cost-effective approach to
protect the environment from wild weeds (Pérez-de-Luque and Rubiales 2009).
Nanoherbicides are mixed with groundwater because of their high surface to vol-
ume ratio which provides a strong interaction with soil. Grillo obtained (Grillo et al.
2014) chitosan/tripolyphosphate nanoparticles and used as a carrier system to remove
herbicides from the environment.

d. Agriculture: Crop protection and livestock productivity

In agricultural activities, nanotechnology shows a significant concern because their
nano-sized particles help in increasing the crop productivity and in enhancing live
stock quality. Nanotechnology in agriculture is a most efficient and sustainable appli-
cation that will help to protect the plant growth from toxic chemicals and detect the
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plant diseases. It is also used to enhance the food production and quality of food
(Sekhon 2014).
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Thermal Plasma Processes
and Nanomaterial Preparation

C. Balasubramanian

Abstract Plasma here refers to the fourth state of matter which has wide-ranging
applications—right from industrial to biomedical. Aword of caution: The term “plas-
ma” should not be mixed up with the blood “plasma”—which is entirely different
from the fourth state of matter—the subject area of this chapter. The interaction of
this plasma—fourth state of matter—with the first (and to some extent the second
state as well) state of matter is an area that brings about vast application potential.
Primarily the energy content in a plasma state is orders of magnitude higher than
the energy content of the other three states of matter. This large energy content is
what is used for various applications mentioned above. This chapter contains in brief
the basics of plasmas, types of plasma and nanoscience, and then describes in detail
how plasmas can be used for various material processing—especially preparation of
nanomaterials. Care has been taken to provide more experimental details in a sim-
ple flowing language. Images (mostly related to the author’s own work) have been
included for better clarity and easy understanding.

1 Nanoscience and Nanomaterials

This relatively new branch of science, though predicted byRichard Feynman towards
the fag end of 1950s, actually started evolving only in 1980s after the invention of the
scanning tunnelling microscope (STM)—a powerful probe microscope with which
atomic scale features could be studied.

Nanoscience is the science of behaviour of materials when its size is reduced to
a scale of within few tens of nanometres. It is observed that the behaviour and prop-
erties of materials change drastically from its bulk counterpart when the material
is reduced in size. For example, materials like gold which is inert in its bulk form
become highly reactive when reduced to nanometre size; materials like iron which
are stable at bulk form become explosive when reduced to nanosize. The branch
of nanoscience deals with the understanding of these drastic changes. The drastic
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change in properties of a material just by reducing its size has generated a large inter-
est among the scientific community, not only to understand the basic phenomenon
but also to explore the potential applications it holds. These applications are wide
ranging right from biomedical (Salata 2004) to optoelectronics to day-to-day con-
sumer products. In fact, it would not be an exaggeration if it is suggested that the
far-reaching potential applications are actually driving the research and development
of varied nanomaterials. Already nanomaterials, like zinc oxide, titanium dioxide,
iron oxide and so on, have found industrial uses, and industrial houses are looking
at ways to produce them in bulk quantities.

A range of methods are available for synthesis of various nanomaterials. Sol–
gel and chemical vapour deposition (CVD) are the most commonly used techniques,
especially at laboratory scale.A reviewof various liquid-phase syntheses of inorganic
nanoparticles is discussed by Cushing et al. (2004). Apart from this liquid-phase
synthesis, a range of gas-phase synthesis techniques are also available, like laser
ablation, inert gas phase condensation and so on. When talking in terms of large
industrial-scale production, both the commonly used techniques of sol–gel and CVD
have certain limitations, like difficulty in scaling up; multistep processes; long time
scales and so on, that restrict its production capacity.

Nanomaterials can also be produced by plasma, which is a high-temperature
physical process. This process, though not so common, has distinct advantages for
commercial-scale generation of various nanostructures. The various advantages of
this process are given in Sect. 4.3. This chapter elucidates on the various aspects of
the plasma process, methodologies, control parameters, advantages, disadvantages
and so on. It also describes in detail the various nanomaterials that have been prepared
using this process. Prior to this, it would be helpful to understand what is “Plasma”.

2 Plasma

Plasma is the fourth state of matter. The other three states—solid, liquid and gas—
are well-known and well-studied even in the school curricula. Almost all the natural
terrestrial matters come under one of these states of solid or liquid or gas. However,
terrestrial natural plasma state is not so common other than in lightening and iono-
sphere—this, probably, is the reason for plasma state not being taught in schools.
However, more than 97% of the universe exists in plasma state!

So what exactly is plasma state? It is a state in which matter exists in ionised
form—where the constituents are either negatively charged or positively charged.
The properties of a plasma state, as expected, differ widely with respect to the other
states of matter. Unlike gaseous state which is electrically neutral, plasma state, in
which the constituents are charged particles, is the best conductor of electricity. It
also responds to magnetic fields. The energy content of plasma state is much higher
than that of the gaseous state. The most common example that is used to explain the
four states of matter is the transformation of ice (solid state) to water (liquid state)
and then to water vapour (gaseous state). Stretching it further, the water vapour with
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sustained heating leads to the separation of H2O molecule to its constituent atoms
of H and O. These atoms on further heating lead to the removal of electrons from
H and O atoms, resulting in the generation of negatively charged electrons (e−) and
positively charged O+ and H+ atoms. This collection of positive and negative charges
is defined as plasma state. As can be seen, as one move from solid state to plasma
state the temperature (thermal energy) increases steadily with plasma state having
the highest enthalpy.

Since opposite charges attract each other and gets annihilated, one needs to pump
in energy to maintain the charge separation and sustain the plasma state. There are
a few prerequisites for a group of negatively and positively charged particles to be
certified as plasma state—which are not part of this chapter.

2.1 Plasma and Material Processing

The interaction of the fourth state (plasma) with the first state (solid) has wide-
ranging common industrial as well as societal applications (Fauchais et al. 2008):
plasma cutting/welding, plasma pyrolysis (Huang and Tang 2007), plasma smelting
and so on. It also has bio-medical applications in the fields of dentistry, integumentary
system and so on. Modifications like etching, grafting of various surfaces are also
used to impart functionalities, like hydrophobicity, hydrophylicity and so on, to the
surface.

Based solely on the heat content/temperature, plasmas can be broadly classified
into two categories: high temperature/thermal plasmas and low temperature/cold
plasmas. The thermal energy content of high-temperature plasmas can go from hun-
dreds of degree centigrade to tens of thousands of degree centigrade.All stars (includ-
ing sun) consist of thermal plasmas. On the other hand, interstellar space plasmas,
plasmas found in fluorescent bulbs are all examples of low-temperature plasmas.

Plasmas can also be classified depending on the process by which it is gener-
ated. For example, creation of plasma using microwave source is microwave plasma,
inductively heated source leads to inductively coupled plasma, dielectric barrier dis-
charge plasma and so on. Here in this chapter we would only discuss the properties
and applications of plasmas classified on the basis of heat content; that is thermal
and non-thermal plasmas.

The heat content in plasma is decided by the ambient pressure: Low pressure (few
mbar or lower) plasma results in non-thermal/cold plasmas, whereas high pressure
(few hundred mbar or more) would result in high temperature thermal plasmas. In
the high pressure scenario, the particle (both charged as well as neutral) density
would be higher resulting in higher collision between particles and consequent rise
in temperature. On the other hand, in a low pressure system the particles would be
able tomovewithoutmuch or significantly reduced number of collisions, and thereby
having a higher kinetic energy rather than having heat energy.

As can be deduced, thermal plasma is used for heat-intense applications, like
welding, cutting, pyrolysis, smelting and so on and non-thermal plasmas are used
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for surface modifications, bio-medical applications and so on. The heat generated
in thermal plasma can reach thousands of Kelvin depending on the plasma current
applied. The high heat energy not only helps in melting, evaporation and so on,
but also promotes higher chemical reactions. Nanoparticle synthesis which involves
evaporation, nucleation and growth also employs high temperature plasma. Plasma
torch and arc plasma are used for synthesis of nanoparticles. A detailed report on the
use of various plasmas for synthesis of nanostructures is given by Siegmann et al.
(2008).

Low-temperature plasma, on the other hand, is used extensively in surface mod-
ifications of various materials, including polymers, textiles and so on. It is also
used to grow nanocrystalline films or 2-D nanostructures as well as nanocompos-
ites (Tsai et al. 2009). It is also used to make nanopatterns on substrates. Plasma-
enhanced chemical vapour deposition (PECVD), magnetron sputtering processes are
all examples of low-temperature plasma, which are used effectively for nanostructure
formations. Basically, the high kinetic energy of the charged particles in plasma is
used to knock out surface atoms or atom clusters to impart changes to the surface
roughness leading to changes in the surface properties and surface chemistry. The
kinetic energy of the charged particles can also be used to break chemical bonds and
then graft it with atoms of other elements, thereby imparting different functionality
to the original surface.

In this chapter the focus would be exclusively on the properties, types and appli-
cations of thermal plasmas—with particular emphasis on nanomaterial synthesis.

2.2 Thermal Plasma Processes

2.2.1 Transferred and Non-transferred Plasma

Nanoparticles by thermal plasma can be prepared by two methods: either by
transferred arc torch method or by non-transferred arc torch method.

In the non-transferred torch (as shown in Fig. 1) method, an electric arc is struck
between the central cathode rod (typically water cooled tungsten) and the coaxially
placed anode (typically water-cooled copper). This arc is extended outside of the
nozzle by a strong gas draft (also known as plasma forming gas). The length of the
extended arc (plume) can reach up to tens of centimetres long, depending on the gas
flow rate and the voltage applied between the electrodes. The material of interest
(whose nanostructure is to be formed) is either placed in a crucible at the plume
end or it can be introduced in powder form between the electrodes along with the
plasma-forming gas jet.

If it is placed in a crucible, the heat from the plume would evaporate the material
which subsequently leads to nucleation, growth and condensation. If, on the other
hand, thematerial is introduced in powder form, the powder comes directly in contact
with the core of the plasma (which has a significantly higher temperature than at the
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Plasma forming gas

Arc

Plasma plume

 

(a) (b)

Fig. 1 Schematic of a (a) typical non-transferred plasma arc torch (b) with powder injection into
the plasma plume

plume end) resulting in evaporation, and as it moves down axially, with decreasing
temperature, forms clusters of nanostructures.

In the transferred arc plasma (as shown in Fig. 2) type, the job (material of interest)
is placed in a crucible, and positive potential of the electric power supply is connected
to it. A refractory material (typically tungsten or graphite) is used as a cathode. To
strike an arc and create plasma between the electrodes, two options are available: (i)
the electrodes are brought closer and made to touch each other, thereby “shorting”
the circuit, and once the current starts flowing, the electrodes are moved apart slowly

Fig. 2 Schematic of
transferred arc plasma
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and an arc column is created between the electrodes. For this to be done, either both
the electrodes or at least one of the electrodes has to be movable. (ii) The electrodes
need not bemade to touch each other, if there is provision for a high-frequency starter
in the power supply—it would be sufficient to bring the electrodes closer to initiate
the arc followed by the plasma plume. The second option is helpful in cases where
the arcing need to be created between two soft metal electrodes.

The power supply that is generally used for plasma torch (transferred as well as
non-transferred) is a constant current DC power source. The power supply ratings
are chosen, taking into consideration the materials to be evaporated—higher current
for high melting point materials. Typically, the current could vary from few tens of
amperes to hundreds of amperes. The load voltage could be few tens of volts. A
large current is required as the material evaporation from the anode depends on the
resistive heating given by I2R, where I is the current and R is the resistance. A larger
voltage would, on the other hand, support a long arc column.

The non-transferred arc assumes its name as the “job” material is not part of
the electrical circuitry. So even if the material of interest is insulating in nature,
it can be used for making nanostructures. On the other hand, in a transferred arc
plasma, the material of interest is very much a part of the electrical circuitry and
is, as described above, the anode itself. Both transferred and non-transferred arc
plasmas have advantages and disadvantages: A non-transferred can be used both
for conducting and insulating materials, whereas the transferred can be used only
for electrically conducting materials. On the other hand for a transferred arc, the
efficiency of the electrical power applied versus the power that is effectively used in
evaporating the material is more than 90%, whereas the best efficiency that can be
obtained from a non-transferred torch would not exceed 75% (more likely around
65%).

3 Synthesis of Nanomaterials

For synthesis of nanomaterials, both non-transferred as well as transferred arc
plasma/torch can be used. In the following sections both the techniques would be
discussed. However, more emphasis and details would be related to transferred arc
plasma route of nanomaterial synthesis.

3.1 Non-transferred Plasma Process for Synthesis
of Nanostructures

There are numerous published literatures on the synthesis of nanomaterials, using
either of the plasma types. In a non-transferred type, as briefly mentioned earlier in
Sect. 4.1, two possible mechanisms exist.
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In the first type, the material of interest is directly placed on an anode crucible
(could be made of graphite or any electrically conducting material). The heat content
of the plasmaplumewouldmelt and evaporate it. The vapourisedmaterial, as itmoves
away from the plasma zone, would nucleate and form clusters of atoms/molecules.

In the second type, micron-sized powder of the material of interest is fed into
plasma plume either at the gap between the two electrodes or where the plume exits
the anode region. The introduced powder, due to the high heat content, will evaporate
or melt and as it moves down will form small clusters of atoms/molecules.

3.2 Transferred Arc Plasma Process for Synthesis
of Nanostructures

In transferred arc plasma process (as shown in Fig. 2), an electric arc is struck between
the cathode and anode wherein the anode itself will melt and evaporate due to the
plasma created between the two electrodes. The element of the material of interest is
placed in a crucible (graphite or any conducting material), and positive potential of
the electric power supply is connected to it. A refractory material (typically tungsten
or graphite) is used as a cathode.

Once the arc is struck and plasma created, the high enthalpy from the plasma
would evaporate the anodematerial turning it into charged particleswithin the plasma
column which, as it moves away from the plasma zone, becomes neutral atoms
followed by reaction with the surrounding gas ambient and then onto nucleation and
growth of clusters, finally to condensation. A schematic of the arc plasma synthesis
of nanoparticles is shown in Fig. 3.

Fig. 3 Schematic of the nanomaterial generation using a transferred arc plasma process
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3.3 Advantages of Plasma Process for Nanomaterial
Synthesis

The major advantages of the plasma process for synthesis of nanomaterials are that

(i) the process is easily scalable;
(ii) faster time scales of synthesis and
(iii) single step process with significant control over impurities.

For commercial/industrial-scale production of nanomaterials, these three points
are a game changer. Apart from the above, other advantages are:

(iv) The plasma process operates under atmospheric pressure and hence, unlike
CVD process, does not require the cumbersome and time-consuming vacuum
creation and so on.

(v) The high temperature of the plasma zone can evaporate all materials and hence
nanostructures of most materials can be prepared using the same apparatus and
setup.

(vi) The high temperature of plasma also promotes high rates of chemical reactivity
and the products are generally highly crystalline. Additionally, it is also pos-
sible to produce metastable crystalline phases which are not normally formed
in a low temperature process.

(vii) Plasma process also yields a range of morphological features with minor
changes in the operational parameters.

Plasma process can also be used to prepare varied types of nanomaterials—met-
als, metal oxides, metal nitrides, metal carbides and so on. The gas ambient in the
synthesis chamber dictates the product formation. If the anode material is evaporated
in an inert ambient (argon or helium gas), then metal nanoparticles can be obtained.
If the ambient is air or oxygen, one can obtainmetal oxide nanoparticles. For nitrides,
a high concentration of nitrogen ambient is sufficient to get the desired results. For
carbides one can mix graphite/carbon powder along with the anode material in an
inert atmosphere.

The sole disadvantage of the plasma process of nanomaterial synthesis is the wide
size distribution of the nanostructures formed. Though this is unavoidable, it can be
minimised. The reason for the large size distribution is: The steep temperature gra-
dient (thousands of degree centigrade per centimetre) combined with high velocities
(thousands of metres per second) of the evaporated material leads to very fast time
scales of nucleation and growth of the nanostructures. Depending on the flight path
of the evaporated atom/molecule clusters, the thermal history and condensation rates
vary and hence the size of the nanoclusters also varies.

In the following sections, details of the different types of nanomaterials that
have been synthesised as well as the morphological and other variations that can
be obtained by varying certain plasma parameters will be provided.
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3.4 Transferred Arc Plasma and Nonmaterial
Preparation—System Details

As described in Sect. 4.3 plasma is created between cathode and anode, wherein
anode is the material of interest—for example, for producing nanoparticles of alu-
minium or aluminium compounds (aluminium oxide, aluminium nitride etc.), ele-
mental aluminium metal is used as anode; for preparing zinc or zinc compound
nanomaterials, elemental zinc is used as anode and so on. The elemental metal (in
any form: blocks, powder, pellets, scraps etc.) is placed in a graphite or copper cru-
cible and connected to the anode potential of the power supply. The entire electrode
assembly is housed inside a double-walled stainless steel chamber with multiple
ports for electrode housing, powder collection, visual monitoring of the process and
other necessary functions.

3.4.1 Nanomaterial Synthesis System

Inside the plasma zone both the evaporated material as well as the ambient gas/air
would be in ionised state. As shown in Fig. 3 these charged particles/metal vapour
move away from the plasma zone forming neutral atoms and then ontomolecules and
clusters.Depending on the heat energy available at the clustering zone, the cluster size
could increase from few atoms/molecules to tens of thousands of atoms/molecules
resulting in the formation of either small nanoclusters of few nanometres or bigger
clusters of tens or hundreds of nanometres. The higher the temperature, the larger is
the cluster size. So to obtain nanometre size small clusters, it is essential to reduce the
ambient temperature inside the production chamber to a minimum. This is achieved
by the water circulation between the two walls of the synthesis chamber.

As shown in the figure, the nucleation and growth of the atoms/molecules
(cluster formation) occurs in the gas phase itself—homogeneous nucleation pro-
cess—followed by agglomeration of the various clusters. These nanosized clusters
(nanoparticles) deposit itself on the inner surface of the synthesis chamber walls.

In short, the single-step process consists of evaporating a material from its solid
state and then recondensing it into small nanosize clusters. For evaporating the mate-
rial, thermal plasma which has high enthalpy is used; and for an accelerated recon-
densation the chamber ambient is maintained at a low temperature. Higher chamber
ambient temperature would lead to continued growth of clusters into micron size.
The high temperature within the central plasma zone and low temperatures outside of
it create a sharp temperature gradient that is at the crux of the nanomaterial synthesis.

The process and the apparatus can be used to produce varied nanomaterials. A
schematic of a typical nanomaterial synthesis chamber is shown in Fig. 4. When the
entire process of evaporation, nucleation and growth is done in air or oxygenmedium,
themetal vapours react with them to formmetal oxide nanostructures. If, on the other
hand, the air in the synthesis chamber is evacuated and filled with argon or helium



82 C. Balasubramanian

Fig. 4 Schematic of a typical plasma chamber for synthesis of various nanomaterials

gas, one can obtain metal nanostructures. Similarly, evacuating the chamber of air
and filling it with nitrogen leads to nitride formation.

3.4.2 Power Supply

The heat required for melting and evaporation of the metal solid is generated by
the electric power supply and as such it is a main component of the entire process.
The heating of the anode metal raw material is done by “joule heating” or “resistive
heating”, wherein the power of heating P is given by the equation:

P = I 2R

where I is the current passing through the resistor material (anode material in this
case) and R is the resistance of the material. As one can observe, the heating depends
on the square of the current applied. Application of higher current will lead to more
heat generation and consequently melting/evaporation of materials whose melting
or evaporation temperature is higher.

A constant current DC (direct current) power supply is used with ratings of few
tens of kilowatts. Typicall, for evaporating low melting point materials like zinc,
tellurium and so on, a plasma current of 10–15 A is sufficient. However, for materials
like iron, titanium and so on, it would be necessary to pass a current of ~100 A or
so. Carbon nanotubes, which can also be formed by this process, typically requires
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100 A or more. It would be safe to assume a minimum requirement of 150 A current
source DC power supply. The load voltage—which incidentally varies depending
on the distance between the electrodes as well as the ambient gas and the electrode
material—could be typically 50–100 V.

3.4.3 Water Chiller

As detailed earlier, it is imperative that the synthesis chamber is maintained at around
room temperature in order to obtain nanosized particles. Due to high heat of the
plasma, the ambient temperature inside the synthesis chamber increases steadily. This
will result in the growth of the clusters to bigger size. Cooling the synthesis chamber
ensures thewalls of the chamber are at low temperature resulting in sharp temperature
gradients and consequent arrest of the nanocluster growth. For this, a steady stream of
water is allowed to flow between the two walls of the chamber, thereby maintaining
the temperature of the chamber walls at ambient room temperature (or lower—as
required). So it is essential to have a water chiller of appropriate capacity to maintain
the temperature of production chamber. If the variousflanges are sealedwith neoprene
or viton “O” rings, then the flanges also need to bewater cooled, lest the heat damages
the “O” rings.

4 Preparation of Various Nanostructures by Plasma
Process

4.1 Preparation of Oxide Nanostructures

For metal oxide nanoparticles the synthesis chamber can be done in ambient air. At
high temperatures, as that in plasma zone, the chemical reactivity is high and themetal
vapours form oxides easily. These then can be collected for analysis/application. In
the following sections, a brief of various metal oxides (both low as well as high
melting point materials) that have been synthesised, and their synthesis parameters
and properties of the obtained nanostructures are described in detail. Metal oxide
nanomaterials that are to be covered are: iron oxide and cobalt oxide (magnetic),
titanium dioxide (refractory) and zinc oxide (wide bandgap semiconductor).

4.2 Titanium Dioxide Nanoparticles

Titanium dioxide or titania (TiO2) has wide application potential—especially in the
daily-use consumer products. They are used in cosmetics (as UV protection agent),
as pigments in paints, inks and so on (as an opacifier agent). Titania in nanosize is
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also a good photocatalytic agent under UV light—helping in stain removal as well as
antibacterial. There are three crystallographic forms of titania, viz. rutile (tetragonal),
anatase (tetragonal; however, anatase has a steeper pyramid with a larger angle over
the polar edge as compared to rutile phase) and brookite (orthorhombic).

Thermal plasma has proven to be an ideal process for production of these nano-
materials. Titanium metal block/pellets kept in graphite crucible are used as anode
and tungsten or titanium was used as cathode. A current of 80–110 A was applied
(depending on the anode dimensions) between the electrodes in an air ambient. The
titanium metal vapours close to the plasma zone reacted with oxygen in the air to
form titanium dioxide followed by nucleation and growth of clusters. The cham-
ber wall temperature was maintained at 25 °C by way of water circulation between
the two layers of the chamber wall. The process was run for duration of 5–10 min
and then the plasma extinguished. After allowing a few hours time duration for the
fine particles to settle down, the chamber was opened and the product removed for
analysis.

High-resolution transmission electron microscopy was used to analyse the mor-
phological features and X-ray diffraction technique to study the crystalline features.
Figure 5 shows the TEM images.

The image on the left clearly shows the particles to be spherical in shape with
fairly uniform size of ~40 nm. The image on the right is a magnified image of a single
particle of size ~25 nm. One can clearly observe the highly crystalline structure from
the well-defined atomic planes.

The formation of TiO2 and its crystalline phase was confirmed by X-ray diffrac-
tion technique, as shown in Fig. 6. Both anatase and rutile phases are seen to be
present in the sample. Multiphase formation is quite common in plasma processes.

Fig. 5 Titanium dioxide nanoparticles, (a) larger area indicating a typical size range of 30–40 nm
(scale bar: 20 nm) and (b) highly crystalline small particle of size ~25 nm (scale bar: 2 nm)
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Fig. 6 XRD spectra of titanium dioxide nanoparticles showing the presence of anatase as well as
rutile phase. The anatase phase is more predominant than rutile

Another important feature of high temperature plasma process is the possibility of
pure metastable phase formation. This will be shown at a later subsection under
aluminium nitride nanostructure.

4.3 Preparation of Carbide Nanostructures

For carbide nanostructure preparation, a mixture of carbon/graphite powder along
with the metal elemental raw material has proven to yield the desired results. The
selection of ambient gas during the preparation was expected to have a great control
over the compositional stoichiometry and also on morphological features. Towards
this end, studies were carried out on silicon carbide preparation under various plasma
parameters including the ambient gas types. The outcome of the study is given in the
following section.

4.4 Silicon Carbide Nanostructures

Silicon carbide (SiC) is a widely used ceramic material due to its unique properties
such as goodphysical andmechanical properties, including high thermal conductivity
as well as thermal stability, low thermal expansion coefficient, high mechanical
strength, high refractive index, wide (tunable) bandgap and large chemical inertness.
The nanostructures of SiC have applications in bio-medicine, gas sensing and as
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hydrogen storage material. These 1-D nanostructures of SiC are excellent candidates
for reinforcement composites with better nanomechanical properties. Field emitting
properties of various types of SiC nanostructures (both doped and undoped) have
also been widely studied and reported.

Silicon carbide nanostructures were prepared by placing in the anode crucible, a
mixture of micron-sized graphite powder with high purity (99%) and silicon powder
in the ratio of 1:1 by volume and to this was added a small quantity (0.5 wt%) of
iron powder purity >99% as catalyst.

Two sets of experiments were performed under two different oxygen partial pres-
sures: In the first set the synthesis chamber was evacuated to 10−5 mbar and then
filled with helium gas till 1 atmosphere, and in the second set the chamber was
evacuated to 10−3 mbar and then filled with helium gas till 1 atmosphere. Once the
helium gas was filled, an electric arc was struck (in both sets separately) between a
graphite cathode and the crucible containing the mixture of silicon, carbon and iron
powder (anode). The arc current was maintained at 150 A. The high heat of the arc
plasma facilitated the evaporation and gas-phase formation of the SiC product. The
deposited SiC powder was then collected and analysed.

It was interesting to note that even variations in partial pressure of certain gases
could lead to vastly different morphological nanostructures. The samples prepared
under higher oxygen partial pressure (base vacuum 10−3 mbar) resulted in the for-
mation of long (microns length) nanowires of SiC with average diameter of 30 nm.
The edges of the wires showed the presence of SiO and an elemental mapping of the
sample showed the absence of any Fe catalyst (Fig. 7).

On theother hand, the samples preparedunder lowoxygenpartial pressure resulted
in the formation of SiC nanotubes, as shown in Fig. 8. These tubes were typically
15–20 nm in diameter and lengths of few hundred nanometres—dimensions vastly

Fig. 7 Silicon carbide nanowires, (a) larger area image and (b) magnified image of the same
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Fig. 8 Silicon carbide nanotubes

different from nanowire samples. From the elemental mapping, it was confirmed that
the tips of the tubes contained the Fe catalyst. The conclusion is that small changes
in the experimental parameters of the plasma process leads to drastic changes in
the product morphology and other properties. The XRD spectra shown in Fig. 9

Fig. 9 XRD spectra of SiC nanotubes (SiC-NT) and SiC nanowires (SiC-NW) prepared under
slightly varying parameters
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Fig. 10 Silicon carbide
nanoparticles

clearly demarcate the composition and phase of these two structures—nanowires
and nanotubes.

Under lower arc currents (<150A) and high oxygen partial pressure, nanoparticles
of SiC was also observed to be formed. These were highly spherical in shape with
average diameter of ~25 nm. This is also shown in Fig. 10.

4.5 Preparation of Nitride Nanostructures

4.5.1 Aluminium Nitride Nanostructures

Aluminium nitride (AlN) is a wide bandgap semiconductor with very high thermal
conductivity and electrically insulating. Its piezoelectric properties have been useful
in the making of ultrasound transducers. It is also used as dielectric layer in optical
storage media.

For AlN nanostructure preparation, pure aluminium discs were placed in a copper
crucible which served as the anode and tungsten rodwhich served as the cathode. The
synthesis chamber was evacuated to a pressure of 5× 10−6 Torr and then flushedwith
a gas mixture of nitrogen and argon to atmospheric pressure. Here, the arc currents
were varied from 50 to 150 A and the effect of this variation on the formation of AlN
nanostructure was studied. Interesting results on crystalline phase formation as well
as morphology were observed.

Figure 11 shows the overlaid XRD spectra recorded for three different AlN sam-
ples obtained from arc currents of 50, 100 and 150 A. The samples obtained from
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Fig. 11 XRD spectra of AlN nanostructure prepared under three different arc currents of a 50 A,
b 100Aand c 150A.The filled circles denote cubic phaseAlN and the open circles denote hexagonal
phase of AlN

50A arc current (indicated by (a) in the spectra below) had five diffraction peaks—all
matching with cubic phase of AlN. No other phases were detected. It is to be noted
that cubic phase of AlN is a metastable crystalline phase in the bulk form. In the
second sample (prepared under 100 A arc current—(b) in the spectra below) apart
from the five peaks of 50 A sample, small, additional peaks were detected and they
were found to be that of hexagonal crystal structure of AlN. The intensity of these
hexagonal structure increased with increase in arc current to 150 A.

Morphological analyses of these samples brought out the significant changes in
the nanostructure formation. The 50 A arc current samples consisted of nanowires
and nanocoils, whereas the 150 A arc current samples consisted of nanoparticles.
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4.6 Preparation of Metal Nanoparticles

4.6.1 Tellurium Nanoparticles

As stated in the introduction part, metal nanoparticles can also be prepared by the
plasma process. Herein, preparation and analysis of tellurium nanoparticles is given
in detail. For metal nanoparticle preparation, it is essential the base vacuum of the
synthesis chamber is good. Though the operating pressure of the thermal plasma
synthesis route is atmospheric pressure, to avoid oxidation reaction, it is essential to
remove air/oxygen in the chamber and then fill with inert gases like argon or helium.
The level of base vacuum required is decided by the reactivity of the metal with
oxygen—especially at elevated temperatures. Higher the possibility of oxidation
reaction, the base vacuum required would be 10−5 or 10−6 mbar range.

For the Te nanoparticle synthesis, Te powder of micron size was placed in the
graphite crucible (which served as the anode) and with graphite rod as the cathode.
The chamber was evacuated to 10–4 mbar range vacuum and then filled with helium
gas till the pressure inside the chamber reaches 1 atmosphere. An arc current of
50 A was applied between the electrodes and synthesis done. The TEM analyses of
the samples indicated formation of pure Te nanoparticles with larger size of approxi-
mately 100 nm.X-ray diffraction analysis (shown in Fig. 12) of the samples indicated
the formation of highly crystalline tellurium structures.

Fig. 12 XRD spectra of tellurium nanoparticles
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5 Conclusion

Nanomaterials havewide-ranging applications and some of these nanomaterials have
already found applications in our day-to-day customer products. The ever-increasing
demand for these materials has driven the industries to explore the various ways of
preparing/producing these which are economically viable. Thermal plasma process
of making these nanomaterials holds a promise that is simpler, cost-efficient and
wide types of materials under its reach. To reiterate this, it was shown in this chapter
how the process as well as the equipment could be used to prepare a wide range of
materials—metal oxides, metal nitrides, metal carbides and metal nanoparticles. It
was also shown how small changes in the plasma operating parameters could lead
to vastly varied crystalline structure and shape. What was covered was only a part
of the possibilities—gas phase synthesis of nanostructures using thermal plasma.
However, more possibilities exist when the same plasma process is used in a liquid
medium—instead of in air/gas ambient. The growth dynamics are different and the
morphologies would be vastly different from what is obtained from the gas-phase
synthesis.

A large amount of literature is available with regard to the plasma process of
making nanomaterials—both gas-phase as well as liquid-phase synthesis.
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Peptide Nanotubes: A Crystallographic
Approach

Ashima Bagaria and Suryanarayanarao Ramakumar

Abstract Molecular self-assembly has led to a breakthrough in the field of nano-
materials. This has also resulted in a myriad of potential applications in biology
and chemistry. Peptides have proven to be the most promising platforms owing to
their biocompatibility and diversity. They are also most studied amongst the other
classes of organic building blocks due to their uncanny resemblance to the pro-
teins. There is a wide spectrum of literature available wherein the self-assembly of
peptides has been constructed using several amino acids and sequences. The wide
range of potential applications of such structures has been explored in drug delivery,
surfactants, tissue engineering, etc. This chapter focuses on peptide self-assembly
formed by non-coded amino acids, and formation of different nanostructures, using
a crystallographic approach.

1 Introduction

Molecular self-assembly is an attractive tool by which, designing and fabrication of
advanced nanomaterials can be done. Inmolecular self-assembly,well-definedhigher
order structures result from the spontaneous association of the components mainly
via head-to-tail hydrogen bonding, π-π stacking, electrostatic and van der Waals
interactions. Supramolecular chemistry has opened new channels for the chemists
with new possibilities to synthesize a variety of molecular structures and materials
held together by relatively weak, non-covalent interactions.

It has been eons of molecular selection and evolution that nature has gone through
to create chemically harmonizing and structurally attuned constituents for molecular
self-assembly. Molecular self-assembly can be defined as the spontaneous organiza-
tion of individual components into an ordered structure without human intervention.
The challenge lies in fabricating basic structural molecular building blocks that can
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undergo spontaneous organization into a stable macroscopic structure using non-
covalent interactions (Lehn 1993; Whitesides and Grzybowski 2002). The interac-
tions typically include H-bonds, water-mediated H-bonds, ionic bonds, hydrophobic
and Vander Waals interactions (Pauling 1939). These forces alone may not suffice
for the overall organization of the defined structures; the cooperation of interactions
can yield highly stable and robust structures.

Supramolecular assemblies of small biomolecules have generated a lot of interest,
as the chemical modifications can offer large variations. Numerous reports of tubular
assemblies of carbon (Ajayan and Ebbesen 1997; Iijima 1991) boron nitrite (Chopra
et al. 1995), zeolites (Dessau et al. 1990; Meier and Olson 1988) and carbohydrate-
based nanotubes (Harada et al. 1993) have catapulted the research in this vast area
of material science research. Parang et al. suggested that the designed cyclic D, L-
α-peptides could potentially self-assemble in bacterial membranes, increasing the
membrane permeability and thus exhibiting antibacterial activity.

The peptide-based nanostructures of interest as they offer many opportunities for
chemical variations, and hence control, in designing molecular assemblies, which
have been successfully demonstrated to be good models for ion channels and mem-
brane pores (Engels et al. 1995; Ghadiri et al. 1994; Granja and Ghadiri 1994; Hauser
and Zhang 2010; Kim et al. 1998). The crystal structure of many hydrophobic dipep-
tides have pores filled with the crystallizing solvent molecules. This has opened
avenues for the use of such structure as biosensors, biocatalysts and specific molec-
ular recognition platforms (Akazome et al. 2000; Gazit 2007; Gorbitz 2001, 2002a,
b, 2003, 2006; Gorbitz et al. 2005; Mahler 2006; Reches and Gazit 2003). To exem-
plify, hollow tubular structures act as conduits of chemical information in the form of
transmembrane ion channels (Nonner and Eisenberg 1998) and provide closed reac-
tion chambers as demonstrated by protein folding chaperonins (Xu and Sigler 1998)
and protein degradation enzymes (Voges et al. 1999; Zwickl et al. 1999). Attempts
to generate synthetic water channels that mimic the aquaporin channel have met
with some success (Liu et al. 2005; Sidhu et al. 2004; Videnova-Adrabiska 2002). A
zwitterionic helical tube of nanodimensions that mimics aquaporin with water incor-
porated inside the channel has been studied by solid-state 2HNMR spectroscopy and
X-ray crystallography (Fei et al. 2005; Middleton et al. 2013).

Pioneering work on tube-like structures, invariably formed by the stacking of
cyclic molecules through intermolecular hydrogen bonds between functional groups
in the peptide backbones, has been carried out by Ghadiri and co-workers for cyclic
peptides with 8–12 residues (Engels et al. 1995; Ghadiri et al. 1993, 1994; Kim et al.
1998; Sidhu et al. 2004). Several short peptides have a pronounced tendency to form
long needles or fibres when being crystallized from aqueous or non-aqueous solu-
tion. A well-ordered and discrete peptide nanotubes formed by the self-assembly of
the diphenylalanine as core recognition motif of Alzheimer’s β-amyloid polypeptide
(Abromovic et al. 2006; Reches and Gazit 2003), has further to the use of peptide-
based nanostructures for the design of folded and self-organized modules (Gorbitz
2006). However, the stability check of the peptide-based structures under differ-
ent physical, chemical and biochemical conditions needs to be established before
utilizing them as biomolecular entities.
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The potential use of self-assembled peptide nanostructures as novel materials has
been demonstrated in thefield of biomaterials and use for carrier-mediated drug deliv-
ery, tissue engineering, antimicrobial agents, imaging tools, energy storage, biomin-
eralization. The self-assembled peptides have been exploited for generating bio-
inspired nanostructures, including nanotubes, nanofibers, nanospheres, nanobelts,
and hydrogels.

While there have been many studies of protein-coded amino acids engaged in
molecular self-assembly, not much work has been done on molecular self-assembly
formation utilizing non-coded amino acids. The incorporation of non-coded amino
acids in the molecular self-assembly of a dipeptide motif may offer an added
advantage in terms of variety and stability.

2 Back Bone Conformation Constraining Amino Acids

There are varieties of non-coded, conformation constraining amino acids and many
of them occur in natural proteins and peptides from microbial sources. α, β-
Dehydroamino acids (�a.a), α,α-disubstituted amino acids constitute the class of
conformation constraining amino acids. The ability of these amino acids to dic-
tate the folding of the polypeptide chains has been well established (Balaram 1999;
DeGrado 1988; Jain and Chauhan 1996; Karle 1992; Mathur et al. 2004; Venkatra-
man 2001). Furthermore, the development of a biosynthetic method for site-specific
incorporation of unnatural amino acids into proteins (Liu and Schultz 1999; Mendel
1995; Noren et al. 1989) is promising to promote a great interest in using these amino
acids in protein design.

Among the conformation constraining amino acids, α, β-dehydrophenylalanine
(�Phe) a member of α, β-dehydroamino acid group is being extensively used in the
modular approach to synthetic protein design. Herein, the possibility of incorpo-
rating α, β-dehydrophenylalanine (�Phe) residue in the peptide sequences for
studies in molecular self -assembly has been explored.

2.1 α, β-dehydroamino Acids

These are the derivatives of protein amino acids (saturated amino acids) with a double
bond between Cα and Cβ atoms (Fig. 1) and are represented by a prefix symbol ‘�’.
They are also referred as α, β-unsaturated amino acids and are frequently found in
natural peptides ofmicrobial, fungalmetabolite sources (Aubry et al. 1985;Gross and
Morell 1967; Jung 1991), and in some proteins, e.g. histidine ammonia-lyase from
bacterial andmammalian, and phenylalanine ammonia-lyase from plants (Noda et al.
1983). Peptides containing these amino acids are synthesized in the ribosome via a
precursor protein followed by enzymatic modifications (Allgaier et al. 1986). Poly-
cyclic peptide antibiotics called lantibiotics such as nisin, subtilin, epidermin, and
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Protein Amino acid αα,β dehydro amino acid-

Fig. 1 General chemical structure of protein amino and α, β-dehydro ammo acid. The main differ-
ence between α, β-dehydroamino acid and protein amino acids is the double bond between Cα and
Cβ atoms. In this figure, Cα is represented as CA, Cβ as CB and so on

ancovenin are composed of α, β-dehydroamino acids (Jung 1991). While nisin, sub-
tilin contain dehydroalanine (�Ala) and dehydroaminobutyric acid (�Abu), epiderm
in and ancovenin have �Abu and �Ala, respectively (Jung 1991). Other dehydro
residues such as dehydroleucine (�Leu) and dehydrophenylalanine are present in
albonoursin (Komatsubara et al. 1977), dehydrotryptophan (�Trp) in neochinulins
(growth inhibitor) (Dossena et al. 1974), dehydroVal (�Val) in penicillin (Shimo-
higashi et al. 1982). Dehydroalanine (�Ala) which forms a part of the active site
in histidine ammonia-lyase, plays an important role in the catalytic activity of the
enzyme and lack of �Ala residue results in disease (Langer et al. 1995).

The presence of dehydroamino acids in bioactive peptides has shown to result
in an increase in resistance to enzymatic degradation (English and Stammer 1978)
and confers altered bioactivity (Shimohigashi et al. 1981). While dehydroamino
acids are already occurring in natural bioactive peptides as mentioned above, these
residues have also been incorporated in certain bioactive peptideswith the intention to
obtain highly active agonist and antagonist analogues (Iijima 1991; Nitz et al. 1986;
Salvadori et al. 1986a, b; Shimohigashi et al. 1981, 1982, 1983a, b, 1984, 1987).
Dehydro-angiotensin (Hallinan and Mazur 1979; Wong and Goldberg 1984), dehy-
drobradkynin (Fisher et al. 1981), dehydro-dermorphin (Morelli et al. 1989; Noren
et al. 1989; Pieroni et al. 1986; Salvadori 1986), dehydro-somatostatin (Brady et al.
1984), dehydrosubstance P fragments (Jain and Chauhan 1996), dehydro-enkephalin
(Shimohigashi et al. 1984, 1982, 1983a, 1983b), dehydro-gramicindin S (Shimohi-
gashi et al. 1987) are some of α, β-dehydroamino acid analogues of some peptide
hormones, that have been synthesized and their biological activity has been reported.
In some cases, insertion of dehydroamino acids into peptide sequences makes them
more effective in metal binding (Brasun et al. 2004).

Thus the double bond between Cα and Cβ atoms in dehydroamino acids (a simple
modification to protein amino acids), induces apparent changes to conformational
andbiochemical properties of peptides containingdehydroresidues.This double bond
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R1 = H                R2 = H          ΔAla  
R1 = CH3           R2 = H          ΔZ Abu  
R1 = CH3           R2 = CH3     ΔVal  
R1 = CH(CH3)2  R2 = H          ΔLeu  
R1 = C6H5         R2 = H          ΔZ Phe  

Fig. 2 The chemical structures of some of dehydroamino acids

introduces certain geometric alterations in dehydroresidues and restricts the confor-
mational flexibility of dehydropeptide backbone and side chains of dehydroresidue.
These special features have influenced the use of α, β-dehydroamino acids in the
design of model peptides (Jain and Chauhan 1996; Mathur et al. 2004; Narula et al.
1998; Singh and Kaur 1996).

Dehydroalanine (�Ala), dehydrovaline (�Val), dehydroleucine (�Val), dehy-
droaminobutyric acid (�Abu), dehydroisoleucine (�Ile), dehydroproline (�Pro)
and dehydrophenylalanine (�Phe) are some of the dehydroamino acids used in the
design of model peptides. However, dehydrophenylalanine is used in most of the
studies mainly because of its convenient chemical synthesis and interesting confor-
mational restricting properties (Jain and Chauhan 1996; Mathur et al. 2004; Singh
and Kaur 1996). The chemical structures of some of these dehydroamino acids are
shown in Fig. 2.

2.1.1 α, β-dehydrophenylalanine (�Phe) Residue

As mentioned earlier in the definition, it is an analogue of phenylalanine residue,
with a double bond between Cα and Cβ atoms. It can exist in two isomeric forms,
Z-isomer (�ZPhe) and the E-isomer (�EPhe) (Noda et al. 1983) (Fig. 3). In the Z-
isomer the C=O group is in trans position with respect to the phenyl ring, while in the
E-isomer it is in cis position. Among these isomers, the conformational studies are
extensively done on Z-isomer due to the fact that most synthetic processes result in
Z-isomer (�ZPhe) and the E-isomer is sensitive to the chemical environment of the
synthetic procedure. However, recently E-isomer has been reportedly incorporated
in model peptide (Broda et al. 2005). The peptide work presented discussed here is
exclusively on Z-isomer (�ZPhe) and here afterwards we represent it by �Phe or
�F.
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Z-isomer                 E-isomer

Fig. 3 Isomers of dehydrophenlalanine residue Z-isomer (�Phez) and E-isomer (�PheE)

2.1.2 Geometric Features of �Phe

�Phe is an achiral molecule and its interesting conformational features enable the
design of structural elements of proteins. The backbone conformation constraining
property to the �Phe is imparted due to the double between Cα and Cβ atoms. The
double bond is the consequence of dehydrogenation of saturated amino acid pheny-
lalanine at Cα and Cβ atoms, which involve the conversion of the sp3 hybridization
states of Cα and Cβ atoms into sp2 states (Fig. 4). This results in certain changes in
geometrical features of �Phe. There is an extended conjugation of the �Phe ring
electrons with sp2 hybridized Cα and Cβ atoms. This renders the �Phe residue a

  ±60º or  
180º

Phe Phe 

Double Bond

  0º 

Δ

Fig. 4 The coded and the non-coded amino acid Phenylalanine (Phe) and α, β-
dehydrophenylalanine (�Phe)
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planar residue as a whole. The shorter Cα and Cβ bond (~1.33 Å, an ideal C=C dou-
ble bond), increased planarity and the conjugation effects produce certain unfavor-
able steric interactions within the residue. This includes specifically, the steric clash
between CD1–H and N–H groups, which results in opening up of the bond angles
Cα=Cβ–Cγ and N–Cα=Cβ. These bond angles usually assume values of approxi-
mately 130° and 125°, respectively, in �Phe containing peptides, indeed deviating
significantly from ideal trigonal value of 120° (Jain and Chauhan 1996; Mathur et al.
2004; Singh and Kaur 1996). Steric clash is released, in part by rotation around N–Cα

bond (ϕ) by approximately ±60° and in part by a slight deviation of the planarity of
the residue (non-zero values of χ1 torsion angle). Besides, there is additional com-
pensation for steric hindrance paid by the slight deviation in bond angles of N–Cα–C′
and Cβ=Cα–C′. There are shortening of N–Cα, Cα–C′, and Cβ–Cγ single bond lengths
and elongation of C′=O double bond maybe due to partial conjugation of the Cα=Cβ

bond and the peptide bond (Jain and Chauhan 1996; Mathur et al. 2004; Singh and
Kaur 1996). Thus the double bond between Cα and Cβ introduces strong steric effects
in a dehydro residue resulting in a significant geometrical alteration.

2.1.3 Conformational Features of �Phe

Asmentioned earlier, the steric clash in�Phe residue is released in part by the rotation
of ϕ ≈ +60° or −60°. When ϕ ≈ +60°, the allowed values of ψ can approximately
be +30° or +150° after removing the steric clashes. Similarly when ϕ ≈ −60°,
ψ can be approximately −30° or −150°. Thus from the simple model building
studies it has been inferred that the most favourable conformation for �Phe residues
is (ϕ, ψ) ≈ (60°, 30°), (60°, −30°), (60°, 150°), (−60°, −150°). The theoretical
conformational studies have suggested that there are six energy minima possible for
�Phe residue (Ajo et al. 1982). However, experimentally observed conformations
are approximately close to a few of these minima. To date, approximately 50 crystal
structures of peptides containing �Phe residues have been reported. The analyses
of these structures suggest that �Phe residue can assume conformations (ϕ, ψ) ~
(−60°, −30°), (−60°, 150°), (−80°, 0) or their enantiomers (Mathur et al. 2004;
Singh et al. 1990; Singh and Kaur 1996). Figure 5 shows the Ramachandran map
for �Phe containing peptides, in which the observed (ϕ, ψ) values are plotted.
It is clear that a majority of the observed (ϕ, ψ) values are in helical regions in
the Ramachandran map. As a consequence, the experimental results from X-ray
crystallography match with the model building observations and partially with the
theoretical conformational analyses, though the helical region is highly preferred.

This work highlights the inclusion of a non-coded, achiral, conformation
constraining α, β-dehydrophenylalanine (�Phe) residue in the dipeptide, to
probe the process of molecular self-assembly. Incorporation of dehydroamino
acids provides the peptide with unique properties: rigidity, increased hydrophobic-
ity, electrophilic reactivity, the restricted orientation of β-substituents and resistance
to enzymatic degradation. The conformational flexibility of both, the dehydro peptide
backbone as well as the specific side chain of the dehydro residue, is expected to be
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Fig. 5 The observed ϕ, ψ
values for the �Phe
containing peptides

restricted on account of a double bond between Cα and Cβ atoms. Dipeptides were
synthesized by Boc chemistry using solution-phase peptide synthesis. The crystal
structures of the following designed dipeptides are reported here. All the peptides
were found to be in the zwitterionic conformation.

I. +H3N-Phe-�Phe-COO−, (F�F)
II. +H3N-Val-�Phe-COO−, (V�F)
III. +H3N-Ala-�Phe-COO−, (A�F)

Apart from the crystallographic study, the peptides F�F and A�F were also
studied using Transmission Electron microscopy, Scanning Electron Microscopy,
Environmental ScanningElectronMicroscopy,Congo red staining andbirefringence,
Dynamic Light Scattering and Differential Interference Contrast Microscopy.

Although biological scaffolds, including short peptides, offer amyriad of potential
applications to nanotechnology, their relative instability may be a major concern in
realizing their potential application. The main aim of this work is to explore the
possibility of self-assembly formation using non-coded amino acids.



Peptide Nanotubes: A Crystallographic Approach 101

3 Characterization of Dipeptides

3.1 Characterization of Dipeptide I (FΔF)

3.1.1 Crystallization and Data Collection

The crystals of peptide I were grown by slow evaporation of peptide solution in
acetic acid and water mixture. The suitable crystal was mounted on the glass fibre
and X-ray diffraction data were collected on a Bruker AXS SMART APEX CCD
diffractometer equipped with Mo Kα radiation. Unit cell parameters and orientation
matrix were determined initially by collecting three sets of data collected at three
different settings (set1 ϕ = 0°, 2θ = −28°, ω = −28°; set2 ϕ =90°, 2θ = −28°,
ω = −28°; set3 ϕ = 0°, 2θ = 28°, ω = 28°), each data set consists of 50 frames
with ω-scan width of 0.3°. The diffraction data were acquired over a hemisphere of
reciprocal lattice space by three different settings ofϕ (ϕ= 0°, 90°, 180°) and keeping
detector at an angle of 2θ = −25°, with detector to crystal distance of 6.07 cm. For
each setting of ϕ, 606 diffraction image frames with ω-width of 0.3° and exposure
time of 20 s per fame were obtained. The data processing was done by reducing the
image frames to obtain the integrated intensities for each reflection and intensities
were corrected for Lorentz and polarization factors. The data processing was done
using the software SAINTV6.1 (Bruker 1998). The data sets were corrected for the
absorption effect by using software SADABS (Sheldrick 1996). Finally, the corrected
intensity data were used for the structure solution and refinement.

3.1.2 Structure Determination and Refinement

The structure solution was obtained using direct methods employed in SHELXS97
software (Sheldrick 1997). All the non-hydrogen atoms were located in the E-map
of the best solution with a combined figure of merit (CFOM) value 0.0405. After
assigning each peak to the corresponding element, isotropic refinement was car-
ried out using the computer program SHELXL97 (Sheldrick 1997). The acetic acid
molecule was located in the electron density map. Anisotropic refinement was car-
ried out for all non-hydrogen atoms after the convergence of isotropic refinement.
All hydrogen atoms were fixed using stereochemical criteria and during the refine-
ment, they were allowed to ride on their parent atoms. Refinement converged at the
agreement factor of 3.92%, shown in Table 1.

3.1.3 Molecular Dimensions

Figure 6 shows the conformation of dipeptide I (F�F) with residue labelling. The
molecular parameters of all non-hydrogen atoms are given inAppendix C. In general,
the bond lengths and bond angles of the coded amino acid [Phe] are in agreement
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Table 1 Crystal, diffraction and refinement parameters for peptide I (F�F)

Empirical formula C18 H17 N2 O3. 1CH3COOH

Molecular weight 309.3

Crystal system Monoclinic

Space group P 21

Cell parameters a = 5.5776(6) Å, b = 13.0942(14) Å, c = 12.8239(14) Å, α = γ =
90°, β = 92.64˚

Cell volume 935.59(2) Å3

Z 2

Density calculated 1.10 gm cm−3

Absorption coefficient 0.076 mm−1

Radiation used Mo (λ = 0.71073 Å)

Resolution 0.87 Å

Unique reflections 1969

Observed reflections 1678 (|Fo| > 4 σ (|Fo|))

Structure Solution Shells

Refinement procedure Full-matrix least-square refinement on |Fo|2 using Shelxl (97–2)

No: of parameters refined 247

Data/parameter 6.8

R-factor 3.92%

wR2 8.97%

GooF (s) 1.117

Residual electron density Max. = +0.14 e/Å3, Min. = − 0.12 e/Å3

with the previously observed values for the geometry of peptide groups (Benedetti
1977). In addition, all the geometric parameters [CA=CB; N–CA; CA–C′; CB–
CG; CA=CB–CG; N–CA=CB; N–CA–C′; CB=CA–C′] of the �Phe residues in the
peptide molecule are in agreement with the previously reported values for �Phe
residues in the literature (Jain and Chauhan 1996; Mathur et al. 2004; Singh and
Kaur 1996).

3.1.4 Molecular Conformation

Molecular conformation of dipeptide I with non-hydrogen atoms labelled is shown
in Fig. 7. It shows the thermal ellipsoidal representation (Johnson 1976). Table 2
shows important torsion angles for F�F which are compared with the corresponding
values for the saturated analogue FF (Gorbitz 2001).
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Δ Phe 

Fig. 6 Conformation of debited I (F�F) with residue labelling

Fig. 7 The asymmetric unit of F�F with the atomic numbering scheme. Displacement ellipsoids
are shown at the 50% probability level. H atoms are shown as spheres of arbitrary size

3.1.5 Crystal Packing

F�F exists as a monomer in the crystal asymmetric unit. The tubular struc-
ture is formed by the aggregation of four dipeptide molecule (Fig. 8) in contrast
to Phe-Phe that exhibits channels formed by the self-assembly of six dipeptide
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Table 2 Backbone Torsion
angles (°) for
L-Phenyalanyl-α,
β-dehydrophenylalanine,
dipeptide I (F�F) and L-
Phenyalanyl-L-phenylalanine
(FF)

Torsion angle F�F FF

ψ1 = N1–Cα
1–C1

′–N2 150.57 (20) 157.82 (4)

ω1 = Cα
1–C1

′–N2
′Cα

2 177.96 (20) −179.10 (4)

φ2 = C1
′–N2–Cα

2–C2
′ −66.84 (28) 55.40 (5)

�T1 = N2–Cα
2–C2

′–OT1 −29.3 (3) 43.8 (5)

�T2 = N2–Cα
2–C2

′-OT2 154.1 (2) −139.8 (4)

θ = Cβ
1–C

α
1L Cα

2–C
β
2 149.70 40.21

Fig. 8 Stereo view of the crystal packing is shown here. It reveals a tubular structure formed by
the assembly of four dipeptide molecules of +H3N–Phe–�Phe–COO−

molecules (Gorbitz 2001). Phe-�Phe (F�F) has side chains on either side of the
peptide bond plane, imparting an amphipathic nature to the channel. The resulting
tubular structure thus formed has a rectangular channel having Vander Waals
dimension of 6.0 × 4.5 Å. The acetic acid molecules trapped in the channel
formed by Phe–�Phe is crystallographically detected. A similar feature has been
previously reported in the self-assembly of the dipeptide (R)-Phenylglycine-(R)-
Phenylglycine, where the dimensions of the self-assembled structure were shown
to be modulated by the nature of the solvate sulphoxide. Interestingly, in those
structures, different sulphoxide molecules modulate the overall conformation of the
self-assembled structure (Akazome et al. 2000).
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Various hydrogen bonds and the parameters for the Phe-�Phe molecule are tab-
ulated in Table 3. The crystal structure of the Phe–�Phe dipeptide shows a C(8)
pattern (Etter et al. 1990) of head-to-tail hydrogen bonding meaning that eight atoms
are encountered in traversing the shortest pathway from the hydrogen atom of one
hydrogen bond to the acceptor atom of the next (Fig. 9). A similar pattern of hydro-
gen bonding has been previously reported in the crystal structure of hydrophobic

Table 3 The intermolecular and intramolecular hydrogen bonds observed in the structure of
dipeptide I (F�F)

D (donor) A (acceptor) DLA (Å) HLA (Å) D-HLA (°) Symmetry code

C1A O1 3.245 2.65 120 x, y, z

C1A O1′A 3.228 2.53 129 x − 1, +y, +z

C1D2 O2A 3.379 2.46 169 x, y, z

C2D2 N2 3.073 2.46 123 x, y, z

C1B O2′A 3.666 2.90 137 x − 1, +y, +z

C1E2 O2 3.645 2.97 131 −x − 1, +y + 1/2, -z + 1

C2E1 O1 3.771 2.83 171 −x − 1, +y + 1/2, −z

N1 O2 3.041 2.33 137 x + 1, +y, +z

N1 O2′A 2.851 2.09 142 −x, +y − 1/2, −z + 1

N1 O2A 2.779 1.93 159 −x − 1, +y − 1/2, −z + 1

N2 O2′A 2.819 2.03 152 x − 1, +y, +z

O2 O2A 2.585 – – −x − 1, +y − 1/2, − z + 1

O2 O1′A 3.074 – – x − 1, +y, +z

Phe

ΔPhe 

Fig. 9 Zoomed stereo view of the tubular structure formed by the aggregation of four dipeptide
molecules of F�Fwith the acetic acid molecule being trapped inside the tube. The figure also shows
the head-to-tail hydrogen bonding seen in the dipeptide molecule. *(The side chains not involved
in the channel core formation have been omitted for clarity)
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dipeptides (Gorbitz 2001). The stacked aromatic rings in the dehydrodipeptide
are held by intermolecular C–H · π interactions, contributing to the overall sta-
bility of the assembled structure. The centroid of the dehydrophenylalanine ring
acts as the acceptor and the C1E1 acts as the donor. The donor to acceptor distance is
3.942 Å, the hydrogen to acceptor distance is 3.07 Å while the angle D-HLA (where
D is donor and A is acceptor) is 156° (Brandl et al. 2001).

3.1.6 Discussions About Dipeptide I (F�F)

Self-assembly has recently become amajor thrust formaterial scientists. This process
of self-assembly ultimately would give us the potential to create artificial molecules
whose architecture and function is not limited by the paradigms found in nature but
only by the creativity of the chemist. In this context, small peptides like dipeptides
have gained much attention in displaying a myriad of structures and their potential
applications. Recent work by Reches and Gazit (2003) showing the supramolecu-
lar assembly in a Phe-Phe dipeptide motif and the crystallographic detail realized
by Gorbitz (2001), earlier, has led us to investigate the potential of conformation
constraining residue �Phe in the dipeptide motif.

The tubular structure is formed by the aggregation of four dipeptide
molecules (Figs. 8 and 9) resulting in a rectangular channel having van der
Waals dimension of 6.0 × 4.5 Å. In contrast, the saturated analogue, Phe–Phe,
exhibits nearly circular channels formed by the assembly of 6 peptide molecules
(Gorbitz 2001), with a diameter of 24 Å. Further differences in the two struc-
tures, Phe–Phe and Phe–�Phe, are seen in their molecular conformations. A
simplified description of a dipeptide can be made by calculating a torsion angle θ

= Cβ

1–C
α
1 … Cα

2–C
β

2, proposed by Gorbitz (2001). It defines the relative position of
the two side chains with respect to the peptide plane. Gorbitz et al. have shown that
for zwitterionic L-Xaa-L-Xaa dipeptides (Xaa is neither Gly nor Pro), the side chains
usually point in the almost opposite direction with |θ| usually being >135.According
to this torsion angle description, Phe–Phe occurs in the most unusual confor-
mation with θ being 40.2°. The side chains are thus located on the same side
of the peptide bond plane and appear to emanate out from the channel core.
However, for Phe–�Phe this torsion angle |θ| has a value of 149.70° suggesting
the side chains being present on both sides of the peptide bond plane, imparting
an amphipathic nature to the channel. The acetic acid molecules trapped in the
channel formed by Phe–�Phe is crystallographically detected (Gupta et al. 2007).

Self-assembly of the dehydrodipeptide was investigated under acidic, neutral and
basic conditions by varying the pH of the medium used, and it was interesting to note
that the morphology of the fundamental tubular unit remains unchanged (27–30 nm)
over the range of pH used. The characteristic lateral association of the tubes observed
under different pH conditions might arise due to contributions from hydrophobic
interactions. This lateral association was absent in Phe–Phe dipeptide with both the
side chains located at the same side of the plane defined by the peptide bond.
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3.2 Characterization of Dipeptide II (VΔF)

3.2.1 Crystallization and Data Collection

The crystals of peptide II were grown by slow evaporation of peptide solution
in methanol and water mixture. Rod-shaped crystals suitable for x-ray diffraction,
appeared within 4–5 days. The suitable crystal was mounted on the glass fibre and
X-ray diffraction data were collected on a Bruker AXS SMARTAPEXCCD diffrac-
tometer equipped with Mo Kα radiation. Unit cell parameters and orientation matrix
were determined initially by collecting three sets of data collected at three different
settings (set1 ϕ = 0°, 2θ = −28°, ω = −28°; set2 ϕ = 90°, 2θ = −28°, ω = −28°;
set3ϕ = 0°, 2θ= 28°,ω= 28°), each data set consists of 50 frameswithω-scanwidth
of 0.3°. The diffraction data were acquired over a hemisphere of reciprocal lattice
space by three different settings of ϕ (ϕ = 0°, 90°, 180°) and keeping detector at an
angle of 2θ = −25°, with detector to crystal distance of 6.07 cm. For each setting of
ϕ, 606 diffraction image frames with ω-width of 0.3° and exposure time of 15 s per
fame were obtained. The data processing was done by reducing the image frames to
obtain the integrated intensities for each reflection and intensities were corrected for
Lorentz and polarization factors. The data processing was done using the software
SAINTV6.1 (Bruker 1998). The data sets were corrected for the absorption effect
by using software SADABS (Sheldrick 1996). Finally, the corrected intensity data
were used for the structure solution and refinement.

3.2.2 Structure Determination and Refinement

The structure solutionwas obtained by using directmethods employed in SHELXS97
software (Sheldrick 1997). All the non-hydrogen atoms were located in the E-map
of the best solution with a combined figure of merit (CFOM) value 0.061. After
assigning each peak to the corresponding element, isotropic refinement was carried
out using the computer program SHELXL97 (Sheldrick 1997). Twowater molecules
were located in the electron density map. Anisotropic refinement was carried out for
non-hydrogen atoms after the convergence of isotropic refinement. All hydrogen
atoms were fixed using stereochemical criteria and during the refinement, they were
allowed to ride on their parent atoms. The refinement converged at the agreement
factor of 4.63% shown in Table 4.

3.2.3 Molecular Dimensions

Figure 10 shows the conformation of dipeptide II (V�F) with residue labelling.
The molecular parameters of all non-hydrogen atoms are given in Appendix C. In
general, the bond lengths and bond angles of the coded amino acid [Val] are in
agreement with the previously observed values for the geometry of peptide groups
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Table 4 Crystallographic details of dipeptide II (V�F)

Empirical formula (C14 H17 N2 O3)2. 2H2O

Molecular weight 262.308

Crystal system Monoclinic

Space group C 2

Cell parameters a = 31.0101(62) Å, b = 5.5658(11) Å, c = 18.8130(38) Å, β =
115.43(30)˚

Cell volume 2932.57(463) Å3

Z 8

Density calculated 1.18 gm cm−3

Absorption coefficient 0.084 mm−1

Radiation used Mo (λ = 0.71073 Å)

Resolution 0.9 Å

Unique reflections 3085

Observed reflections 2949 (|Fo| > 4 σ (|Fo|))

Structure solution Shelxs

Refinement procedure Full-matrix least-square refinement on |Fo|2 using Shelxl (972)

No: of parameters refined 360

Data/parameter 8.2

R-factor 4.63%

wR2 13.16%

GooF (s) 1.044

Residual electron density Max. = 0.49e/Å3, Min. = −0.18 e/Å3

Fig. 10 Conformation of peptide II (V�F) with residue labelling
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(Benedetti 1977). In addition, all the geometric parameters [CA=CB;N–CA; CA–C′;
CB–CG; CA=CB–CG; N–CA=CB; N–CA–C′; CB=CA–C′] of the�Phe residues in
the peptide molecule are in agreement with the previously reported values for �Phe
residues in the literature (Jain and Chauhan 1996; Mathur et al. 2004; Singh and
Kaur 1996).

3.2.4 Molecular Conformation

Molecular conformation of dipeptide II with non-hydrogen atoms labelled is shown
in Fig. 11. It shows the thermal ellipsoidal representation ORTEP, (Johnson 1976).
Table 5 shows important torsion angles for the peptide.

Fig. 11 The asymmetric unit of V�F with the atomic numbering scheme. Displacement ellipsoids
are shown at the 50% probability level. H atoms are shown as spheres of arbitrary size
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Table 5 Backbone Torsion angles (°) for two conformers A and B of L-Valyl-α,
βdehydrophenylalanine (V�F) and for l-Valyl-l-phenylalanine

Torsion angle (V�F)A (V�F)B VF (Form 1)

ψ1 = N1–C1α–C1′-N2 145.95 (31) 127.36 (30) 151.35 (11)

ω1 = C1α–C1′–N2′C2α 178.75 (29) −174.01 (27) 172.31 (11)

φ2 = C1′–N2–C2α–C2′ 58.36 (41) 53.41 (39) 48.55 (16)

�T1 = N2–C2α–C2′–OT1 23.26 (50) 25.84 (48) 48.4 (10)

�T2 = N2–C2α-C2′-OT2 −158.48 (34) −157.17 (33) −136.3 (14)

θ = C1β–C1αL C2α–C2β 22.2 40.4 19.97

3.2.5 Crystal Packing

The dipeptide V�F (Fig. 12) was crystallized by controlled slow evaporation in
methanol–water mixture. There are two crystallographically independent con-
formers in the asymmetric unit. The two conformers of V�F, have |θ| = Cβ

1–
Cα

1LCα
2–Cβ

2 = 22.23° and 40.4° (Table 5) respectively, thereby exhibiting confor-
mation with both side chains located on the same side of the plane defined by
the peptide bond.

In V�F, four peptide molecules constitute the circumference of the rectan-
gular channel. The crystal packing can be seen in Fig. 12. The interior of this
channel is hydrophilic due to the presence of CONH moieties and NH3+ and
−OOC groups, while the exterior is hydrophobic as it is occupied by the side

Fig. 12 The crystal packing of the dipeptide II as seen down the b axis, It can be seen that four
dipeptide molecules aggregate to form a rectangular channel with water molecules (♦) trapped
inside
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chains of Val and �F. The crystal structure further revealed that the individual pep-
tide columns are regularly aligned via intermolecular hydrogen bonds (Table 6) and
other non-covalent interactions to form higher ordered supramolecular arrays along
the crystallographic basis (Fig. 12). The interior of the channel is hydrophilic and
water molecules are crystallographically detected inside the channel. The channel
formed by V�F is shown in Fig. 13. All side chains appear to emanate from the
channel core filled with water molecules. The structure can thus be visualized as
close packing of the hydrophobic tubes with the interior lined by many polar atoms.
This channel has van der Waals dimension of 4.0 × 5.0 Å.

These water molecules exhibit N–HLO hydrogen bonding with the NH3
+ group.

The V�F molecules depict a direct head-to-tail hydrogen-bond pattern similar
to that seen in other dipeptides consisting of coded amino acids. The pattern was
analysed on the graph set theory (Etter et al. 1990) (Fig. 14). The centroid of the
dehydrophenylalanine ring acts as the acceptor and the C1G1 acts as the donor in a
C-HLπ interaction (Brandl et al. 2001). The donor to acceptor distance is 3.929 Å,

Table 6 Hydrogen–bond parameters for L-Valyl-α, β-dehydrophenylalanine (V�F)

D (donor) A(acceptor) DL.A (Å) HLA (Å) D-HLA (°) Symmetry Code

N1A O2B 3.413 2.56 161 −x, +y − 1, −z

N1A O2′B 2.827 2.06 143 −x, +y − 1, −z

N1A O1W 3.087 2.25 156 −x, +y, −z

N1A O2B 2.824 2.00 135 −x, +y, −z

N2A O2A 2.822 2.08 145 x, +y − 1, +z

N1B O1W 3.045 2.33 138 x, +y − 1, +z

N1B O2W 2.927 2.39 120 x, +y − 1, +z

N1B O2′A 3.377 2.52 161 x, +y − 1, +z

N1B O2A 2.802 2.05 142 x, +y − 1, +z

N1B O2′A 2.808 2.09 138 x, y, z

N2B O2′B 2.807 2.08 142 x, +y − 1, +z

C1A O1′A 3.220 2.48 132 x, +y − 1, +z

C2D1 N2B 3.096 2.47 125 x, y, z

C1B O1′B 3.225 2.45 135 x, +y − 1, +z

C2G2 O1’B 3.072 2.44 123 x, y, z

D (donor) A(acceptor) D …. A
(Å)

H … A (Å) D-H … A (°) Symmetry Code

O1W O2W 3.430 – – x, +y − 1, +z

O1W O2W 3.114 – – −x, +y − 1, −z

O1W O2W 3.070 – – −x, +y, −z

O1W O2′A 2.733 – – −x, +y, −z

O2W O2W 2.809 – – −x, +y, −z

O1W O1′A 3.347 – – −x, +y, −z
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Fig. 13 View of the tubular
structure formed by the
aggregation of four dipeptide
molecules of V�F with the
water molecule being
trapped inside the tube. The
water molecules are shown
as spheres. Cyan color
dashes show head-to-tail
hydrogen bonds and black
dashes show hydrogen bonds
with the water molecule
trapped inside the channel.
The side chains have been
omitted for clarity

Fig. 14 The figure shows
the head-to-tail hydrogen
bonding seen in the V�F
molecule. The side chains
not involved in interactions
have been omitted for clarity
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the hydrogen to acceptor distance is 3.11 Å while the angle D-HLA (where D is the
donor and A is the acceptor) is 145°.

3.2.6 Discussions About Dipeptide II (V�F)

In V�F, four peptide molecules constitute the circumference of the rectangular
channel of dimension 5.0 × 4.0 Å. The interior of this channel is hydrophilic due
to the presence of CONH moieties and NH3+ and −OOC groups, while the exterior
is hydrophobic as it is occupied by the side chains of Val and �F.

The crystal structure of the dipeptide L-Valyl-L-Phenylalanyl (VF) was solved by
Gorbitz (2002a, b). VF does not reveal the presence of channel structures. The crystal
packing of VF in one of the crystal form depicts a hydrogen-bond cage formation
around the hydrophobic groups by co-crystallized water molecules.

3.3 Characterization of Dipeptide III (AΔF)

3.3.1 Crystallization and Data Collection

Crystals of peptide III were grown by slow evaporation of peptide solution in
methanol and toluene mixture (1:1 v/v). Rod-shaped crystals suitable for x-ray
diffraction, appeared within 4–5 days. The suitable crystal was mounted on the glass
fibre andX-ray diffraction datawere collected on aBrukerAXSSMARTAPEXCCD
diffractometer equipped with Mo Kα radiation. Unit cell parameters and orientation
matrix were determined initially by collecting three sets of data collected at three
different settings (set1 ϕ = 0°, 2θ = −28°,ω = −28°; set2 ϕ = 90°, 2θ = −28°,ω =
−28°; set3ϕ= 0°, 2θ= 28°,ω= 28°), each data set consists of 50 frameswithω-scan
width of 0.3°. The diffraction data were acquired over a hemisphere of reciprocal
lattice space by three different settings of ϕ (ϕ = 0°, 90°, 180°) and keeping detector
at an angle of 2θ = −25°, with detector to crystal distance of 6.07 cm. For each
setting of ϕ, 606 diffraction image frames withω-width of 0.3° and exposure time of
20 s per fame were obtained. The data processing was done by reducing the image
frames to obtain the integrated intensities for each reflection and intensities were
corrected for Lorentz and polarization factors. The data processing was done using
the software SAINTV6.1 (Bruker 1998). The data sets were corrected for absorption
effect by using software SADABS (Sheldrick 1996). Finally, the corrected intensity
data were used for the structure solution and refinement.

3.3.2 Structure Determination and Refinement

The structure solutionwas obtained by using directmethods employed in SHELXS97
software (Sheldrick 1997). All the non-hydrogen atoms were located in the E-map
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Table 7 Crystallographic details of dipeptide III (A�F)

Empirical formula C12 H14 N2 O3. 2H2O

Molecular weight 234.3

Crystal system Monoclinic

Space group P 21

Cell parameters a = 5.8106(11) Å, b = 7.9171(16) Å, c = 14.9073(29) Å, β =
93.77˚

Cell volume 684.30(3) Å3

Z 2

Density Calculated 1.14 gm cm−3

Absorption Coefficient 0.083 mm−1

Radiation Used Mo (λ = 0.71073 Å)

Resolution 1.00 Å

Unique Reflections 1420

Observed Reflections 1310 (|Fo| > 4 σ (|Fo|))

Structure Solution Shelxs

Refinement Procedure Full-matrix least-square refinement on |Fo|2 using Shelxl (972)

No: of Parameters Refined 174

Data/Parameter 7.5

R-Factor 4.24%

wR2 11.63%

GooF (s) 1.133

Residual Electron Density Max. = 0.20 e/Å3, Min. = −0.11 e/Å3

of the best solution with a combined figure of merit (CFOM) value 0.041. After
assigning each peak to the corresponding element, isotropic refinement was carried
out using the computer program SHELXL97 (Sheldrick 1997). Water molecules
were located in the electron density map. Anisotropic refinement was carried out for
all non-hydrogen atoms after the convergence of isotropic refinement. All hydrogen
atoms were fixed using stereochemical criteria and during the refinement, they were
allowed to ride on their parent atoms. The structure was refined to an R-factor of
4.24% and the refinement converged at the agreement factor shown in Table 7.

3.3.3 Molecular Dimensions

Figure 15 shows the conformation of dipeptide III (A�F) with residue labelling.
The molecular parameters of all non-hydrogen atoms are given in Appendix C. In
general, the bond lengths and bond angles of the coded amino acid [Ala] are in
agreement with the previously observed values for the geometry of peptide groups
(Benedetti 1977). In addition, all the geometric parameters [CA=CB;N–CA; CA–C′;
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Ala  Δ Phe  

Fig. 15 Conformation of dipeptide III (A�F)

CB–CG; CA=CB–CG; N–CA=CB; N–CA–C′; CB=CA–C′] of the�Phe residues in
the peptide molecule are in agreement with the previously reported values for �Phe
residues in the literature (Jain and Chauhan 1996; Mathur 2004, Singh and Kaur
1996).

3.3.4 Molecular Conformation

Molecular conformation of dipeptide III with non-hydrogen atoms labelled is shown
in Fig. 16. It shows the thermal ellipsoidal representation Johnson (1976). Table 8
shows important torsion angles for the peptide.

3.3.5 Crystal Packing

The dipeptide A�F (Fig. 16) was crystallized by controlled slow evaporation in
methanol–toluene mixture. The structure was refined to an R-factor of 4.24%. The
dipeptide exists as a monomer in the asymmetric unit.A�F was studied in order
to find the effect of change in the molecular structure on the self-assembly.
Figure 17 shows the crystal packing of A�F. It can be seen that the dipeptide forms
an extended structure rather than a hydrophobic channel. The torsion angles for
A�F and its analog AF are listed in Table 8. For A�F the value of torsion angle
|θ| = 2.85°, showing that the dipeptide has conformation with both the side
chains lying on the same side of the peptide bond plane. Two water molecules
are crystallographically associated with the dipeptide. Various hydrogen bond
parameters for the dipeptide are shown in Table 9.



116 A. Bagaria and S. Ramakumar

Fig. 16 The asymmetric unit of A�F with the atomic numbering scheme. Displacement ellipsoids
have shown 50% probability level. H atoms are shown as a sphere of arbitrary size

Table 8 Backbone Torsion
angles (°) for of l-alanyl-α,
β-dehydrophenylalanine
(A�F) and its analog
L-alanyl-Lphenylalanyl (AF)

TORSION ANGLE A�F AF

ψ1 = N1-C1α-C1′-N2 161.73 (36) 159.8 (4)

ω1 = C1α-C1′-N2-C2α 177.27 (35) 171.4 (4)

φ2 = C1′-N2-C2α-C2′ 64.25 (50) −77.6 (5)

�T1 = N2-C2α-C2′-OT1 19.76 (54) −32.0 (4)

�T2 = N2-C2α-C2’-OT2 −163.66 (35) 152.1 (5)

θ = C1β–C1αL C2α–C2β −2.85 162

The peptide exhibits a C (8) pattern of hydrogen bond depicting a head-to-tail
bonding (Fig. 18). From the crystal packing diagram (Fig. 17) it is clear that the
dipeptide is divided into a hydrophilic layer with peptide main chain and water
molecules connected by the hydrogen bonds and hydrophobic layers including
peptide side chains.
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Hydrophobic layer Hydrophilic layer 

Fig. 17 The crystal of A�F viewed along the c-axis shows the formation of alternate hydrophobic
layer. Water molecules (�) are part of the hydrophilic layer

Table 9 Hydrogen-bond parameters for L-Alanyl-α, β-dehydrophenylalanine (A�F)

D (donor) A(acceptor) DLA
(Å)

HLA (Å) D-HLA (°) Symmetry Code

C7 N2 3.091 2.48 124 x, y, z

N1 O2 W 2.780 2.05 137 −x + 1, +y + 1/2, −z + 1

C2 O1 W 3.652 2.91 135 x + 1, +y + 1, +z

N1 O1 W 3.071 2.33 141 −x + 1, +y + 1/2, −z

N1 O1 W 2.865 1.99 169 x + 1, +y + 1, +z

N1 O3 3.002 2.32 134 −x + 1, +y + 1/2, −z

C1 O2 3.396 2.66 132 x + 1, +y, +z

N2 O2 2.869 2.07 155 x + 1, +y, +z

C2 O1 3.121 2.51 122 x + 1, +y, +z

O1 W O1 3.068 – – x, +y − 1, +z

O1 W O1 3.142 – – −x + 1, +y − 1/2, −z

O1 W O3 2.847 – – −x + 1, +y − 1/2, −z

O1 W O2 W 3.221 – – x, +y − 1, +z − 1

O1 W O2 W 3.354 – – −x, +y − 1/2, −z + 1

O1 W O2 W 3.460 – – −x + 1, +y − 1/2, −z + 1

O2 W O2 2.745 – – −x, +y + 1/2, −z + 1

O2 W O3 2.783 – – −x + 1, +y + 1/2, −z + 1
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Fig. 18 The figure shows the head-to-tail hydrogen bonding seen in the A�F molecule. The side
chains not involved in interactions have been omitted for clarity

3.3.6 Discussions About Dipeptide III (A�F)

The dipeptide III (A�F) was characterized using various techniques apart from
X-ray crystallography. No tubular assembly was suggested by these techniques as
well. The crystal packing reveals the division of the dipeptide assembly into two
layers: hydrophilic and hydrophobic. The hydrophobic layers are formed by
the peptide side chain while the hydrophilic layers are formed by the peptide
main chain moieties and a water molecule.

The molecular packing depicted by A�F is similar to its counterpart L-alanyl-
Lphenylalanyl (AF) with a co-crystallized organic solvent molecule (Görbitz 1999).
The peptideA�Fdid not display any tubular structure as seen using different imaging
techniques (at the concentration at which Phe-�Phe was investigated ~1 mg/ml).

4 Conclusion

Self-assembly has recently become amajor thrust formaterial scientists. This process
of self-assembly ultimately would give us the potential to create artificial molecules,
whose architecture and function are not limited by the paradigms found in nature but
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only by the creativity of the chemist. In this context, small peptides like dipeptides
have gained much attention in displaying a myriad of structures and their potential
applications. Recent work by Reches and Gazit (2003) showing the supramolecu-
lar assembly in a Phe–Phe dipeptide motif and the crystallographic detail solved
by Gorbitz (2001), earlier, has led us to investigate the potential of conformation
constraining residue �Phe in the dipeptide motif. In a minimalist approach towards
examining the role of �Phe residue towards self-assembly, Phe–�Phe, Val-�Phe
and Ala�Phe dipeptides have been investigated.

The peptide L-Phenylalanyl-α, β-dehydrophenylalanine (F�F) forms self-
assembly by the aggregation of four dipeptide molecules. The self-assembly has
been depicted in all the methods by which the peptide was characterized. The
rectangular channel thus formed is amphipathic in nature and holds an amphi-
pathic, acetic acid molecule. The introduction of �Phe that introduces a restric-
tion on account of a double bond between Cα and Cβ atoms seem to provide
order and directionality needed for the formation of well-ordered supramolec-
ular structures and can be potentially utilized in fine-tuning the nature of other
molecular assemblies.

The two dipeptides L-Valyl-α, β-Dehydrophenylalanine (V�F) and LAlanyl-
α, β-Dehydrophenylalanine (A�F) show different packing arrangements and
were studied together to investigate how the self-assembly behaves when the
molecular structure is modified. Here we have used two different hydrophobic
residues Ala and Val, Ala being less hydrophobic than Val. The conformations of
both the peptides are almost similar. V�F forms hydrophobic columns having a
hydrophilic core while A�F forms hydrophilic and hydrophobic layers with peptide
main chain moieties and peptide side chains, respectively.

A systematic survey carried by Gorbitz 2004 (Helle et al. 2004) reveals that
dipeptides constructed from two amino acid residues with large hydrophobic side
chains may give porous structures with hydrophilic inner surfaces. This structural
family is referred to as FF class after L-Phe-L-Phe and includes Leu-Leu, Leu-Phe,
Ile-Phe, Ile-Leu. The absolute value of the torsion angle θ for this class is less than
90°, meaning thereby that both side chains lie on the same side of the peptide bond
plane. In an attempt to understand the effect of change inmolecular structures on self-
assembly, we have compared the solid-state structures of V�F and A�F. V�F falls
under FF class fulfilling both the criteria and beingmore hydrophobic prefers channel
formation tracing helicity. Albeit, for A�F |θ| < 90°, but it being less hydrophobic,
prefers extended layer formation. It is clear that the introduction of the hydrophobicity
parameter brings about changes in packing. Even though the confirmation of these
twopeptides is quite similar, both exhibit remarkably different packing arrangements.
Thus we can say that changes in molecular structure by altering the hydrophobicity
of the dipeptide in the dehydro peptides studied here alter the self-assembly.

π-stacking is considered as one of the major determinants in self-assembly pro-
cess. The present peptide structures however revealed that it is just not the
π-stacking but also the overall hydrophobicity of the molecule that dictates
self-assembly. Phe has a high hydrophobicity index than Ala. The absence of
tubular assembly in Ala-�Phe as compared to Phe-�Phe substantiates the above
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Table 10 Summary of various parameters for the hydrophobic dipeptides in discussion

Dipeptide Tube dimensions [Å] θ [°] Crystal packing

F�F 6.0 × 4.5 150 Tubular assembly

V�F 4.0 × 5.0 22, 40 Tubular assembly

A�F – −3 Hydrophobic and hydrophilic layers

hypothesis. A summary of various parameters for the dipeptides reported here
is given in Table 10.

The biological scaffolds like short peptides andmotifs offer a wide range of appli-
cations in the field of nanotechnology. Because of this, the research has been upscaled
in this field of novel biomaterials. But there are certain drawbacks that need to be
finely addressed. The relative instability of such scaffolds is a major bottleneck in
realizing their potential application. The introduction of �Phe in the dipeptides
as discussed in the chapter has affected the pattern of peptide assembly and
also in the peptide structure itself. The tubes formed by the dehydrodipeptide
are discrete structures, which are longer and thinner than previously reported
peptide-based tubular structures (Reches and Gazit 2003). �Phe residue offers
a high degree of resistance to a highly non-specific protease thereby making the
bio-nanotubes suitable for applications in biological systems.The peptide struc-
tures discussed herein are easy to synthesize, cost-effective and open avenues
for designing novel nanotubular scaffolds.
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Halloysite Nanotubes:
An ‘Aluminosilicate Nanosupport’
for Energy and Environmental
Applications

Gaurav Pandey, Maithri Tharmavaram and Deepak Rawtani

Abstract Environmental engineering focuses on the use of engineering principles
for protecting the local, as well as global environment, from damaging effects caused
either due to natural or human actions. One of the major tasks in this field is to
develop efficient and economical systems, which can assist in reducing the envi-
ronmental pollution, especially in air and water. Additionally, development of eco-
friendly systems which can act as energy storage devices is also a key thrust area of
research for environmental engineers and scientists. In recent years, emergence of
nanotechnology-basedmaterials has proved to be a helping hand inmany applications
in various sectors. However, the use of eco-friendly nanomaterials provide an upper
hand over other nanomaterials for such applications. One such environment-friendly
nanomaterial is Halloysite Nanotube (HNT). It is a naturally available, clay-based
aluminosilicate nanomaterial, which has attracted attention of many environmental
researchers in recent times. These nanotubes exhibit negative charge on the exterior
surface, while the internal lumen (interior surface) exhibits a net positive charge. The
current chapter highlights the usage of HNT as nano-support systems to immobilize
various types of guest molecules. Further, the use of such ‘guest molecule HNT’-
based nano-support systems for the remediation of environmental pollutants, as well
as for energy applications has been discussed.

Keywords Halloysite nanotubes · Environment · Energy · Pesticide · Pollution ·
Nanotechnology

1 Introduction

Population explosion and speedy industrialization have become a major cause for
the increasing environmental pollution in recent years. Air, water and soil are getting
polluted and adversely affected due to the development of civilization. Such polluted
environment is becoming a serious threat for the survival and health of human beings,
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as well as for the ecological safety (Wang et al. 2018). Developing countries witness
around 14,000 deaths per day, majorly because of the consumption of contaminated
water (Johnston et al. 2010;Rodríguez-Lado et al. 2013). Pollutants such as pesticides
(Rawtani et al. 2018), nitrates (Tyagi et al. 2018) and metals (Khatri et al. 2017a,
b) are severely depleting the quality of surface and groundwater (Khatri and Tyagi
2015; Khatri et al. 2016a). Apart from pollution, the need of energy has increased
many folds in past years due to the huge population. Energy production through
green routes and development of eco-friendly energy storage systems is becoming
the need of the hour.

In the past decade, various technological and scientific works have been made
by environmental engineers to tackle the problem of environmental pollution and
depleting energy sources (Kamat 2007, 2008). Environmental engineering deals with
the employment of principles of engineering in order to safeguard the environment
of the earth and local surroundings from detrimental effects, which are produced due
to natural or human activities. The thrust areas of research in this field mainly include
the development of highly efficient, and at the same time economical solutions for
the eve increasing pollution levels in the environment, mainly for the treatment of
polluted air and water.

In recent years, nanotechnology has emerged as an efficient technological aid in
order to tackle such kinds of energy and environmental issues. This recent technol-
ogy deals with the fabrication of materials in the nanometer range by manipulating
the atoms and molecules present in the bulk material (Pandey et al. 2016; Thar-
mavaram et al. 2017). Various kinds of nanomaterials, especially nanoparticles, nan-
otubes, nanowires, nanosheets and nanorods have proficiently proved their potential
in different areas. In the field of environmental remediation, early determinations
mainly concentrated in the development of photocatalytic nanomaterials for degrad-
ing toxic dyes from the industries (Akpan and Hameed 2009; Byrne et al. 2018).
Using nanotechnology-based materials, some of the recent researchers have targeted
the pharmaceutical effluents, products of personal care with endocrine disrupting
compounds, since these types of contaminants do not get effectively removed during
the wastewater treatment (Ebele et al. 2017; Fagan et al. 2016). However, a major
concern regarding the toxicity of nanomaterials has arisen before the researchers, as
far as environmental applications are concerned (Du et al. 2018). Moreover, the cost
involved in the synthesis of various nanomaterials is also significantly high, which
limits their bulk usage for energy storage or environmental remediation. Therefore,
in the field of environmental engineering, an eco-friendly and non-toxic alternative
for these nanomaterials can be a better choice for various applications such as the
production of green energy, energy storage, water remediation and gas separation.

Halloysite Nanotubes (HNT), a naturally occurring clay-based nanomaterial can
be the best alternative for the aforementioned purposes. This chapter initially sheds
light on the HNT, its structure, properties and the types of guest molecules which can
be immobilized on the nanotubes. Further, the use of such guest@HNT composite
for the energy and environmental applications has also been discussed in detail.
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2 Halloysite Nanotubes: Structure and Properties

Halloysite Nanotubes (HNT) are clay-based nanomaterials, which are having an
alumina- and silica-rich composition (Rawtani and Agrawal 2012a). These are the
nanotubular form of the Halloysite, a clay mineral formed because of the variations
produced by hydrothermal activities in carbonate and volcanic rocks (Tharmavaram
et al. 2018). Other non-dominant forms of Halloysite are plates and spheroidal (Yuan
et al. 2015). The structure aswell as properties ofHNTaremajorly based on its origin,
i.e. the deposit from where HNT has been mined (Cavallaro et al. 2018; Makaremi
et al. 2017). The chemical formula of HNT is Al2(OH)4Si2O5·nH2O, and exhibit the
1:1 dioctahedral aluminosilicate structure, in either hydrated or dehydrated forms
(Rawtani and Agrawal 2012b). The earlier notion of HNT being a solid nanotube like
structure has reformed over the years to a layered structure of thin aluminosilicate
sheet, having silica moieties rich external surface, and internal surface being rich
in alumina moieties. The interlayer spaces in these nanotubes (hydrated form) are
having rich content of water (Bates et al. 1950). The disparity between the minor
gibbsite octahedral andmajor tetrahedral layers is responsible for the tubular structure
of HNT (Yuan et al. 2015). The structure of HNT has been depicted in Fig. 1. The
presence of alumina groups in the lumen of HNT, i.e. on the internal surface provides
a positive charge, while the silica-rich external surface possesses negative charge.
Such diversity of charge on the surface of HNT is responsible for the tunable surface
chemistry of the nanotubes (Deepak and Agrawal 2012). The alumina and silica
moieties assist in the functionalization of HNT’s surface with various modification
agents.

The slender andmesoporous lumen is in the range of nanometers, while the length
varying from nano- to micrometers provide excellent property of adsorption to the
nanotubes. The natural availability, non-toxicity, biocompatibility, cost-effectiveness
are some of the merits associated with the use of HNT (Rawtani et al. 2018). The

Fig. 1 Structure of Halloysite Nanotubes Reprinted with permission from Tharmavaram et al.
(2018). Copyright (2018) Elsevier
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outermost layer of the nanotubes becomes approachable for diverse kind of foreign
molecules or agents for modification because of the existence of explicit surface area
and large overall pore volume. However, the values of SSA and TPV show varia-
tions in HNTs, which come from different deposits (Joussein et al. 2005; Pasbakhsh
et al. 2013). The nanotubes which come from Western Australia are known to be
having the highest levels of purity. Nanotubes from this deposit have less than 2%
impurities and exhibit high surface area when compared to nanotubes from other
origins (Tharmavaram et al. 2018). HNT also exhibits excellent tensile strength as
well as thermal stability. However, these properties vary with the structure of the
nanotubes. Longer nanotubes are known to possess high degrees of thermal stability
and tensile strength in comparison to the shorter nanotubes (Makaremi et al. 2017).
The rotational dynamic behaviour is found to be of the highest degree in the HNT,
which comes from the Dragon Mine. A noteworthy discrepancy is witnessed in the
surface morphology of HNT acquired from unalike deposits (Cavallaro et al. 2018;
Tharmavaram et al. 2018). Hence, the proper selection of the nanotubes becomes the
utmost essential for any specific type of application.

The surface morphology and tubular lumen of the nanotubes can be studied using
Transmission Electron Microscopy (TEM). The analysis shows that the internal
diameter of the nanotube is in the range of 15–20 nm, while the external diame-
ter is between 50 and 100 nm (Pandey et al. 2017a). The surface modification of
the nanotubes can also be visualized using this characterization technique (Raw-
tani et al. 2017). Analysis of functional groups on HNTs surface can be performed
through Fourier Transform Infrared Spectroscopy (FTIR) The analysis of functional
groups present on theHNT is carried out by Fourier Transform Infrared Spectroscopy
(FTIR). The analysis spectra reveal the characteristic vibrations of HNT at 905–
910 cm−1 for Al-OH stretching, and at 1025–1035 cm−1 for Si-O-Si stretching
(Rawtani et al. 2013). The X-ray Diffraction (XRD) analysis of HNT shows the
crystalline behaviour of the nanotubes and is an excellent analysis for differentiating
between hydrated and dehydrated forms of the nanotubes (De Silva et al. 2015).
The stability of the nanotubes in a solution can be analyzed using Dynamic Light
Scattering (DLS), by measuring the zeta potential. Pristine HNT is known to exhibit
high zeta potential value in the negative range, possibly due to the presence of silica
moieties on the external surface (Lazzara et al. 2018; Massaro et al. 2017). Such
kinds of diversity in the properties of HNT allow them to be used for various appli-
cations in the field of biology, catalysis, environment (Tharmavaram et al. 2018) and
forensics (Pandey et al. 2017b).

2.1 Halloysite Nanotubes as ‘Nanosupport’ for Different
Guest Molecules

The tunable surface chemistry along with huge surface area plays a vital part in
immobilizing different kinds of guest molecules on the exterior and interior surface
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Fig. 2 Types of Guest Molecules on Halloysite Nanotubes for energy and environmental
applications

of HNT. A ‘guest molecule’ can be defined as any foreign molecule or group that is
not a part of pristine HNT, and has been immobilized or attached on HNT’s layers via
external agents. In the past, different researchers have immobilized myriad types of
guests on HNT for diverse applications. Guests such as drugs, vaccines, antioxidants
and corrosion inhibitors have been introduced on the surface of HNT (Lvov et al.
2016). Nanoparticles of silver (Rawtani et al. 2013) and gold (Rawtani and Agrawal
2012b, c) have been introduced on HNT’s surface to study the interaction of such
composite with DNA. Biological molecules such as enzymes (Pandey et al. 2017a)
and hormones (Lvov et al. 2008) have also been immobilized as guests on HNT.

As far as energy and environmental applications are concerned, several commonly
used guest molecules have been depicted in Fig. 2. These molecules mainly include
reactive functional moieties, primarily from organosilanes (Zeng et al. 2016) and
surfactants (Jinhua et al. 2010); biomolecules such as dopamine (Hebbar et al. 2016)
and enzymes (Pandey et al. 2017a); biopolymers, mainly chitosan ( Peng et al. 2015);
and nanoparticles (Afzali and Fayazi 2016).

3 Energy and Environmental Applications of Halloysite
Nanotubes

In Sect. 2.1, the different kinds of guest molecules that are immobilized onHNT have
been discussed. The guest molecules provide versatile properties to HNT and thereby
increase its applicability for energy and environmental applications. In this section,
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the different energy and environmental applications of HNT are discussed, while
giving special emphasis on the effect, the guest molecules have on the nanotube and
thereby on its applicability. Table 1 depicts the different guest molecules, which are
immobilized on HNTs for different kinds of energy and environmental applications.

3.1 Environmental Applications

Surplus pollutants present in water bodies require immediate treatment to prevent
hazardous effects on nearby flora and fauna. In recent years, HNT has garnered
worldwide attention through its use as a unique nano-support for the remediation
of environmental pollutants. Their non-toxic and biocompatible nature further aides
their applicability in such fields. Over the years, HNT have been utilized for the
remediation of dyes such as auramine yellow and orange (Khatri et al. 2016b), heavy
metals, drugs, pesticides and even nanoparticles such as silver (AgNP). HNT immo-
bilizedwith various guestmolecules have also been employed for such purposes. This
section highlights the utilization of HNT immobilized with various guest molecules
for environmental remediation.

3.1.1 Dye Remediation

Contamination of water bodies with dyes largely results from the runoff of synthetic
dyes from industries of textile, cosmetics, plastic making or other manufacturing
units. When the effluent discharge from such industries is not monitored properly,
it results in release of copious amounts of toxic dyes, which pose a serious risk
to life in the waterbody and its environment. Some of the dye components have
also proven to be mutagenic or carcinogenic, and therefore, their remediation is
highly essential. Over the years, waste water treatment methods such as primary
and secondary treatments which involve techniques such as flocculation (Lee et al.
2014), catalytic degradation (Pirilä et al. 2015), and filtration (Li et al. 2017a, 2017b)
have served the purpose. However, such treatments are economically difficult to
implement, and come with additional difficulties such as high-operational cost and
energy requirements.

HNT due to their tubular structure, biocompatibility and non-toxic nature along
with high physical and chemical stability are exceedingly suitable to be used either as
adsorbents in order to remove harmful dyes, or as support for immobilizing various
guest molecules to impart catalytic properties to the nanotube. The guest molecules
can also be selected in such a way that they enhance the adsorption property of
the HNT as well. When HNT is used as an adsorbent, factors such as dosage of
the adsorbent, pH and temperature of the solution, and contact time have to be
contemplated (Anastopoulos et al. 2018). Based on such factors, the types of guest
molecules that can be immobilized on the surface of HNT can be considered.
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Table 1 Halloysite Nanotubes immobilized with different Guest molecules for energy and
environmental applications

S.
No.

Application Guest
molecule

Source Target References

1. Dye
Removal

Fe3O4
nanoparticles

FeCl3·6H2O,
FeSO4·7H2O

Methyl Violet 2B Bonetto et al.
(2015)

Fe3O4
nanoparticles

FeCl3·6H2O,
FeSO4·7H2O

Methyl Violet Duan et al.
(2012)

Fe3O4
nanoparticles

FeCl3 Methylene Blue Jiang et al.
(2014)

Fe3O4
nanoparticles

FeCl3·6H2O,
FeSO4·7H2O

Methylene Blue,
Neutral Red, Methyl
Orange

Xie et al.
(2011)

Fe3O4
nanoparticles

FeCl3·6H2O,
FeSO4·7H2O

Naphthol Green B Riahi-Madvaar
et al. (2017)

Fe3O4
nanoparticles

FeCl3·6H2O,
FeSO4·7H2O

Methyl Red, Methyl
Orange

Liu et al.
(2018)

−NH2
groups

APTES Direct Red 28 Zeng et al.
(2016)

−NH2
groups

Dopamine Direct Red, Direct
Yellow, Direct Blue

Zeng et al.
(2017)

Catechol and
−NH2
groups

Polydopamine Methylene Blue (Wan et al.
2017)

−NH2
groups

Chitosan Methylene Blue,
Malachite Green

Peng et al.
(2015)

TiO2
nanoparticles

Titanium dioxide Aniline Szczepanik
et al. (2016)

2. Heavy
metal
removal

Quaternary
Ammonium
ions

HDTMA Cr (VI) Jinhua et al.
(2010)

−NH2
groups

APTES and
Polyethyleneimine

Cr (VI) Tian et al.
(2015)

−NH2
groups

3-AzPTMS Pb (II) Cataldo et al.
(2018)

Fe3O4
nanoparticles

FeCl3·6H2O,
FeSO4·7H2O

Pb (II) Afzali and
Fayazi (2016)

−NH2
groups

APTES, N-2
Pyridylsuccinamic
acid

Pb (II) He et al. (2013)

Catechol and
-NH2 groups

Polydopamine Pb (II), Cd (II) Hebbar et al.
(2016)

3. Pesticide −COOH
groups and
Fe3O4
nanoparticles

Succinic
Anhydride,
Fe(acac)3

2,4,6,-Trichlorophenol Pan et al.
(2011)

(continued)
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Table 1 (continued)

S.
No.

Application Guest
molecule

Source Target References

Cu2+ ions CuSO4 2,4,6,-Trichlorophenol Zango et al.
(2016)

−OH, and
NH2 groups

NaOH, APTES Diazinon, Parathion,
Fenthion

Saraji et al.
(2017)

TiO2
nanoparticles

Titanium Dioxide Parathion Saraji et al.
(2016)

Rose Bengal Rose Bengal n-nonylphenol Bielska et al.
(2015)

Fe3O4
nanoparticles

Fe (NO3)3·9H2O Pentachlorophenol Tsoufis et al.
(2017)

4. Gas
separation

−NH2 APTES CO2 Ge et al.(2017)

−NH2 AEAPTMS CO2, CH4 Hashemifard
et al. (21)

5. Energy
storage

−SH groups,
Ni3S2
nanoparticles,
Carbon
Nanoparticles

MPTS, Nickel
Sulphide

Supercapacitor Li et al.
(2017a, 2017b)

Graphene Graphene aerogel Electrothermal storage Zhou et al.
(2019)

Catechol and
-NH2 groups

Dopamine Vanadium Flow
Battery

Yu et al. (2018)

6. Fuels NiO and CoO
catalysts

Metal Chloride Crude Oil Catalyst Abbasov et al.
(2016a, 2016b)

PANI Aniline Oxygen Reduction
Reaction Catalyst

Liu et al.
(2018)

−HSO3
groups

CSPTMS, PhTES,
MPTS

Biodiesel Silva et al.
(2015)

FeCl3·6H2O: Ferric Chloride Hexahydrate; FeSO4·7H2O: Ferrous Sulphate Heptahydrate; APTES:
3-aminopropyltriethoxysilane; Fe(acac)3: Ferric triacetylacetonate; AzPTMS:
Azidopropyltrimethoxysilane; HDTMA: Hexadecyltrimethylammonium bromide; AEAPTMS:
Aminoethyl-aminopropyltrimethoxysilane; MPTS: Mercaptopropyltrimethoxysilane; PANI:
Polyaniline; CSPTMS: 2-(4-chlorosulphonylphenyl)ethyltrimetoxysilane; PhTES:
triethoxyphenylsilane

For instance, in a study, researchers had developed HNT-Fe3O4 nanocomposites
for the adsorption ofMethyl Violet 2B (MV2B) from aqueous solutions. Immobiliza-
tion of magnetic nanoparticles on the surface of HNT imparts a magnetic property
to the nanotube, thereby ensuring its easy separation from solutions. Immobilization
of magnetic nanoparticles does not produce extra contaminants, thus making it suit-
able for dye removal. The nanoparticles also enhance the surface area and thereby
increase the number of adsorption sites. The developed nanocomposite demonstrated
a maximum adsorption capacity of 20.04 mg/g and showed high reusability when
it retained its properties even after 4 cycles of adsorption–desorption (Bonetto et al.
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2015). Duan et al. (2012) had also employed a similar HNT-Fe3O4 nanocomposite
for the removal of Methyl Violet. This nanocomposite showed a higher adsorption
capacity of 90.09 mg/g (Duan et al. 2012). The adsorption capacities of HNT-Fe3O4

nanocomposites can also be increased by incorporating it with carbon-based adsor-
bent. In a study, the magnetic nanocomposite was incorporated with glucose origi-
nated hydrothermal carbon. Hydrothermal carbon is known to have a high adsorp-
tion capacity due to its higher number of oxygen-containing groups, which serve as
adsorption sites. This nanocomposite was further used for the adsorption of Methy-
lene Blue (MB), and it showed an adsorption capacity of 88.42 mg/g through Lang-
muir Adsorption Isotherm (Jiang et al. 2014). HNT-Fe3O4 nanocomposite has also
been employed to eliminate Neutral Red (NR), MB and Methyl Orange (MO). This
study also showed that the developed magnetic HNT nanocomposite was capable of
removing neutral (MB), cationic (NR) and anionic (MO) dyes (Xie et al. 2011). Sim-
ilarly, HNT -Fe3O4 nanocomposites have been used in the removal of naphthol green
B as well (Riahi-Madvaar et al. 2017). In addition to this, HNT-Fe3O4 nanocompos-
ites have found their way for the recognition of azo dyes as well. These nanocom-
posites were used to construct a magnetic hemimicelle for Solid-Phase Extraction
(SPE) adsorption of dyes. These hemimicelles offered multiple advantages such as
detection and removal of azo dyes, enhanced extraction capacity, and simplified elu-
tion of analytes. The synthesized adsorbent demonstrated an adsorption capacity of
121.95 mg/g. The hemimicelle also showed excellent Limit of Detection (LOD) of
0.042 μg/L and 0.050 μg/L in samples spiked with Methyl Red (MR) and Methyl
Orange (MO), respectively (Liu et al. 2018).

Other techniques of dye removal using guest@HNT complex include develop-
ment of membranes for enhanced dye rejection and filtration. Nanofiltration films
have nanosized pores and are easy to implement. HNT implemented nanofiltration
membranes further allows enhanced hydrophilicity of the membrane because of the
hydroxyl moieties existing on the surface of HNT. Several studies have incorporated
HNT into the nanofiltration membranes and used such membranes for eliminating
harmful dyes. For instance, amine groups had been grafted on the surface of HNT
through 3-aminopropyltriethoxysilane (APTES). This composite was later incorpo-
rated in a PVDF nanofiltration membrane for the removal of Direct Red (DR). The
membrane had showed a dye rejection rate up to 94.9%, which was very high in
comparison to pure PVDF membranes. The membranes also demonstrated excellent
rejection stability and high reusability after multiple tests (Zeng et al. 2016). In yet
another approach of immobilizing amino groups on the surface of HNT for enhanc-
ing the adsorption and hydrophilicity of the membranes, HNT with immobilized
Polydopamine (PDA) have been introduced in the PVDF membranes for removal
of DR28, Direct Yellow (DY) and Direct Blue (DB) dyes. PDA contains catechol
and amino groups, which when combined with amino groups upsurge the number of
sites for adsorption on HNT. Therefore, the membrane showed a dye rejection rate
of 96.5% for DR28, while for DY, it was 85%. The membrane showed a rejection
rate of 93.7% for DB (Zeng et al. 2017).

Apart from films, several novel structures with HNT incorporated in them have
been developed as well. For instance, Polydopamine (PDA) had been immobilized
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on HNT in order to impart mussel-inspired properties to the nanotube to develop
a novel core@double shelled structure, consisting of HNT modified with PDA and
KH550, which is an organosilane that attaches amino groups on the surface, along
with magnetite nanoparticles (Fe3O4). This core@double shell structure showed a
high adsorption capacity by removing 714.23 mg/g of Methylene Blue (MB) from
aqueous solutions at 318.15K.Such ahigh adsorption capacitywas contributed by the
Fe3O4 nanoparticles as well, which enhanced the surface area of the structure. These
nanoparticles also impartedmagnetic property to the structure, thereby ensuring their
easy separation from aqueous solutions. This structure also showed high reusability
even after 5 cycles of adsorption and desorption of MB (Wan et al. 2017). Another
study had reported the use of chitosan andHNT based hydrogel beads for the removal
of MB andMalachite Green (MG). The incorporation of HNT into the beads formed
a rough surface which in turn increased the number of adsorption sites. This along
with the abundance of amine groups contributed by chitosan allowed adsorption of
the dyes up to 92% for MB and up to 97% for MG ( Peng et al. 2015).

In addition to adsorption, dyes have also been removed through photocatalytic
degradation of HNT based nanocomposites. A study had reported photodegradation
of Aniline by HNT that had been chemically activated by incorporating titanium
dioxide (TiO2). The chemical activation allowed the reduction of amorphous part of
HNT, and an upsurge in the amount of Halloysite andKaolinite. This catalyst showed
a reaction rate constant of up to 0.431 ± 0.003 for concentrations of aniline kept at
0.04 mg/cm3 (Szczepanik and Słomkiewicz 2016).

3.1.2 Heavy Metal Remediation

The chief reasons for pollution caused by heavy metals are industrial activities,
agricultural runoffs, and traffic emission. Heavy metals are non-biodegradable and
are present in the environment for longer periods of time. The persistent exposure
of heavy metals may cause adverse effects on living beings. In recent years, the use
of HNT-based nanocomposites for the removal of heavy metals such as chromium
Cr(VI)) and lead (Pb(II)) has gained attention. The different ways of removal of
heavy metals have been through adsorption, filtration, SPE and reduction (Gidlow
2015; Mason et al. 2014).

In another work, quaternary ammonium ions (NH4
+) were grafted onto HNT’s

surface through treatment by Hexadecyltrimethylammonium bromide (HDTMA),
which is a surfactant for the removal of Cr (VI) ions. The adsorbent showed high
adsorption capacity by removing 90% of chromates within 5 min. Factors such as
ionic strength and pH deemed to be a heavy influence on the adsorption by HNT,
whichwas confirmed by the decrease observed in the rate of adsorption upon increas-
ing the ionic strength and pH (Jinhua et al. 2010). The negatively charged chromate
ions get attracted to the positively charged surface of HNT, thus resulting in enhanced
adsorption of the metal ions. Apart from NH4

+ ions, amine groups have been grafted
onHNT’s surface though treatment by Polyethyleneimine (PEI) for the removal of Cr
(VI). These nanocomposites showed excellent adsorption rate, which was deemed to
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be 64 times higher than pristine HNTs and showed a maximum adsorption capacity
of 102.5 mg/g at 328 K. A sequential step for reduction of Cr(VI) to Cr(III) followed
by adsorption on the positively charged surface had occurred, which enhanced the
adsorption capacity (Tian et al. 2015).

Apart from the elimination of chromium ions, several researches have stated the
removal of lead ions as well. In a study, amino groups were grafted on the sur-
face of HNT through organosilanes treatment. This contributed a positive charge to
the surface, which enhanced the adsorption rate and showed a maximum adsorption
capacity of 12.18–46mg/g. Thewide rangewas obtained as a result of wide pH range
from 3 to 6. The nanocomposite also showed high reusability (Cataldo et al. 2018).
Similarly, HNT of magnetic nature were fabricated by grafting Fe3O4 nanoparticles
on its surface, followed by further deposition by MnO2 nanoparticles for the elim-
ination of Pb (II) ions. This composite demonstrated a high adsorption capacity of
59.9 mg/g and the adsorption process were said to be spontaneous and endother-
mic. A major factor behind was touted to be the presence of MnO2 nanoparticles,
which have high affinity for many heavy metals along with increased surface area,
porosity and particle size. The nanocomposite also showed high reusability even
after 5 cycles of adsorption/desorption processes (Afzali et al. 2016). Interestingly,
Pb (II) ions have also been removed through SPE techniques by employing HNT
with N-2-Pyridylsuccinamic acid grafted on it. The developed adsorbent showed an
enhancement in the adsorption rate by 67 times and the capacity of adsorption was
found to be 23.58 mg/g (He et al. 2016).

Filtration has also been utilized as an alternatemethod for the eradication of heavy
metals. For instance, in a study, polydopamine was attached on HNT’s surface, and
this composite was used to develop polyetherimide mixed matrix membranes for the
elimination of heavy metals such as Pb (II) and cadmium Cd (II). The membranes
showed a rejection rate of 34% and 27% for Pb (II) and Cd (II), respectively ( Hebbar
et al. 2016).

3.1.3 Pesticide Remediation and Sensing

Pesticides are chemicals that control and eliminate weeds and pests, and are widely
used across the world. However, 90% of the pesticides reach water bodies due to
agricultural runoffs and seepage (Khatri et al. 2017a, b; Khatri and Tyagi 2015).
Chronic exposure to pesticides can seriously affect biodiversity, endangered species
and destruction of habitat of birds. During the last decade, several approaches have
been established for elimination of pesticides from aqueous environment. However,
conventional techniques have the limitations of high-operational cost and need of
technical expertise. In the past few years, several HNT-based nanocomposites have
been used for the detection and removal of pesticides (Rawtani et al. 2018).

In a study, 2,4,6-trichlorophenol had been selectively recognized and removed
through HNT-based nanocomposites using SPE. Molecularly Imprinted polymers
(MMIP)were grafted and synthesizedon the surface ofHNTswithmagnetic nanopar-
ticles immobilized on them. The MMIPs served as sorbents for this purpose. The
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developed nano-adsorbent showed a maximum adsorption capacity of 246.73 mg/g
at 298 K. When applied to real spiked samples, the composite showed recovery rates
of 83.3% ± 6.1% to 96.3% ± 2.7% (Pan et al. 2011). Apart from the detection and
removal of 2,4,6-trichlorophenol, a study had reported its adsorption on HNT with
Copper (Cu+) ions immobilized on it. The nanocomposite was developed with dif-
ferent concentrations of Cu+ on HNT. It was observed that there was a proportional
increase in the adsorption of the pesticide with an increase in the concentration of
Cu+ on HNT’s surface. Pristine nanotubes had shown a maximum adsorption capac-
ity of 75.5 mg/g while 4.9 wt% Cu+ on HNT showed 76.7 mg/g and 9 wt% Cu+ on
HNT showed 80.3 mg/g (Zango et al. 2016).

Chemically modified HNT-based nanocomposites have been successful as a fibre
coating for Solid-Phase Microextraction (SPME). For instance, Saraji et al. (2017)
had worked on the grafting of amine groups on HNT’s surface that were acid etched
and hydroxylated.APTEShad been used to attach the amine groups onHNTs surface.
The synthesized nanocomposite was used to detect organophosphorus insecticides
in different spiked samples. The nanocomposite showed high extraction efficiency
along with no significant change in its composition or structure (Saraji et al. 2017).
Parathion, which is a type of organophosphate insecticide was successfully detected
through a HNT-TiO2 hybrid. This hybrid was used as a fibre coating for Solid Phase
Microextraction (SPME). The nanocomposite showed very quick response time for
the determination of parathion. In spiked samples, the LOD for celery, strawberry and
apples were 0.3 μg/kg, 0.5 μg/kg and 0.3 μg/kg, respectively. The nanocomposite
also showed excellent recovery for the analysis of the pesticide in the spiked samples
(Saraji et al. 2016).

Rose Bengal (RB), which is a photosensitizer was immobilized on HNT for the
degradation of n-nonylphenol, a dangerous pesticide. RB when in the presence of
light release a singlet oxygen which oxidizes pesticides and thus degrades it. This
particular nanocomposite served as an efficient photosensitizer even in the presence
of small quantities ofRB (0.412mg/g) (Bielska et al. 2015). Similarly,magneticHNT
had also been used for the decomposition of pentacholorophenol, which is another
commonly used insecticide with hazardous health effects. HNT provided thermal
stability to the nanoparticles which enhanced its activity thus allowed enhanced
decomposition of the pentachlorophenol which was shown by obtaining a 180%
higher catalytic yield. The hybrid also showed high reusability and was shown to
be reused even after multiple cycles (Tsoufis et al. 2017). Apart from this, oxidase
enzymes such as laccase have also been immobilized on the surface of HNT in
order to degrade pesticides. In a study, magnetic nanoparticles and -NH2 groups
through APTES were grafted on the surface of HNT. Then using glutaraldehyde as
a crosslinker, laccase was further immobilized on it. The nanocomposite was later
used to degrade pesticides (Kadam et al. 2017).
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3.1.4 Gas Separation

Gas separation is often required in cases where multiple products or a single purified
product is required. Over the years, methods using adsorbents (zeolites, activated
charcoals) have been developed. However, the most commonly used and the most
efficient method is through membranes. Mixed Matrix Membranes (MMM) are a
polymeric hybrid system consisting of the adsorbents as fillers in a flexible polymeric
base. Proper dispersion of such fillers can enhance the free volume in themembranes,
thus bringing an increase in membrane permeability.

A couple of studies have incorporated HNTs as fillers in the development of
MMM. By using HNT as a filler and by ensuring its proper dispersion in the mem-
brane, high permeability and selectivity can be imparted to it. In a study, HNTswhich
had been surface etched through alkali had been further subjected to treatment by
APTES in order to immobilize of amine groups. These HNTs were later used as a
filler in a 6FDA-durene polyimide polymer. The presence of HNT had significantly
increased the gas permeability and the presence of amine groups had a major effect
on the selectivity of themembrane towards the gas (here, CO2) by showing an adsorp-
tion capacity of 6.1 cm3/g (STP) at a pressure of 120 kPa at 298 K (Ge et al. 2017).
Similarly, N-[3-(Trimethoxysilyl)propyl]ethylenediamine (AEAPTMS) was used to
treat HNT for the grafting of amine groups on its surface. The studies showed an
enhancement in the adsorption capacity with increment in the amine groups. How-
ever, after a certain concentration of the amount of amine groups on HNT’s surface,
the adsorption had decreased. The reason behind this is touted to be the blocking of
pores by the groups (Hashemifard et al. 2011).

3.2 Energy Applications

With rising depletion in natural non-renewable sources, finding an alternative source
of energy or implementing ‘greener’ improvements in current techniques are neces-
sary in order to improve life all over theworld.Over the years, several techniques have
been developed that can decrease the consumption of energy, increase its production
or find alternative methods that can produce greener fuels such as biodiesel.

In the past few years, HNT has been utilized for energy storage and development
of green fuels. In this section, the use of HNT in energy applications and the effect of
immobilization of newer guestmolecules on the surface ofHNT for such applications
has been discoursed.

3.2.1 Energy Storage

A common method of energy storage is through the use of supercapacitors due to
their long cycling life, enhanced power delivery, increased power density and low
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cost (Miller and Simon 2008; Simon et al. 2014). Some of the commonly used super-
capacitors are carbon-based Electrochemical Double Layer Capacitor (SC-EDLC).
However, a major limitation of such supercapacitors is that the charge is confined to
the surface thus leading to an overall low-energy density. HNT due to their nanotubu-
lar structure are capable of storing surplus charge within its lumen. This storage can
be enhanced by carefully selecting guest molecules that are capable of enhancing
energy storage. For instance, in a study, HNT had been used as support to first intro-
duce sulphydryl groups on the surface through treatment by mercaptotriethoxysilane
(KH-90), followed by growing Nickel Sulphide (Ni3S2) nanoparticles on the surface.
Further carbon nanoparticles were immobilized on the surface to ensure efficient
charge dispersion. The synthesized supercapacitor showed excellent energy storage
performance, by delivery a capacity of 450.4 C/g and a high charge retention of
82.6% even over 2000 cycles. This supercapacitor also showed a maximum energy
density at 79.6 Wh/kg, thereby suggesting the potential use of such eco-friendly
supercapacitors (Li et al. 2017a, b). Apart from this, HNT have also been used in
the development of Phase Change Material (PCM) for energy storage. In this study,
Graphene aerogels (GA) had been grafted on the surface of HNT, followed by their
implementation in the preparation of polyurethane-based solid–solid PCMs. This
structure showed enhanced light thermal and electrothermal energy conversion and
storage ability. In case of light-thermal, ηwas 75.6%, while in case of electrothermal,
η was 67.2%. The developed materials also showed enhanced thermal stability and
reliability and therefore can be efficiently used in energy storage (Zhou et al. 2019).

Another method of energy storage is through the use of Vanadium Flow Batteries
(VFB). Ion exchange membranes are highly crucial structures in such flow batteries,
since they act as an efficient physical separation between the oppositely charged
electrolytes. These structures also prevent the mixture of vanadium ions. Therefore,
a proper selection of the membrane is highly crucial such that it has excellent ion
selectivity, mechanical strength and chemical stability. Implementation of HNTwith
guest molecules immobilized on it in such membranes can fulfil these factors. In a
study, PDA had been immobilized onHNT and incorporated in sulfonated poly(ether
ether ketone) membranes. The presence of dopamine on the surface enhanced the
proton conductivity, while the nanostructure of the tube acted as a crosslinker to form
a strong mesh like membrane structure. This membrane showed excellent durability
and high performance at 40–200 mA/cm2. It also showed high energy efficiency of
75% and a robust coulombic efficiency at 99% (Yu et al. 2018).

3.2.2 Fuel

Apart from energy storage, finding alternative fuel sources or implementation of
methods that can increase the yield of existing fuels is crucial. For instance, crude oil,
which is the most widely used fuel across the world is catalytically hydrocracked in
order to increase the yield of different products. Over the years, thermal and catalytic
cracking are the commonly used techniques for increasing the yields. However, they
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have disadvantages of having low yields for lighter fuels and therefore require high-
quality feedstock. Such a process also consumes a high quantity of hydrogen, thus
making it economically limited.

In the past decades, several studies have shown HNT to be used in increasing
the yield output and decreasing the formation of coke during the cracking process
(Abbasov et al. 2013, 2016a, b). In a recent study, NiO and CoO catalysts were
deposited onHNT’s surface for the cracking process. This catalyst allowed the hydro-
cracking process to occur at lower hydrogen pressure of 1 MPa as compared to the
usual 10–20 MPa. The catalyst had also enhanced the total yield from 52 to 57%
under increasing hydrogen pressure of up to 4 MPa (Abbasov et al. 2016a, b).

HNT have also been used as a template to fabricate cathode catalyst for appli-
cations in alkaline fuel cell, which is an alternative for existing fuel sources. Com-
monly used cathode catalysts are made from noble metals; however, they come with
the limitation of high price and therefore cannot be put into mass production. In
this study, HNT have been used as stencils for the fabrication of nitrogen-doped
carbon nanotubes (N-CNT), which will serve Oxygen Reduction Reaction (ORR)
electro catalysts. Aniline had been loaded on the surface of HNT, which was then
oxidised to form Polyaniline-HNT hybrids. These hybrids were further pyrolyzed
in order to obtain HNT with nitrogen-doped CNTs. These CNTs showed excellent
electrocatalytic performance towards ORR (Liu et al. 2019).

Along with HNT used as a template and a catalyst, they have also been used in the
production of biodiesel production from hybrid feedstocks. In a study, HSO3 groups
were grafted on the surface of HNT through different methods such as organosily-
lation, sulfonation, and 2 steps organosilylation and sulfonation. These HNTs were
later used as catalyst for the esterification of fatty acids. The catalysts obtained
through sulfonation showed the highest catalytic activity with a turnover frequency
of 94 h−1 and a mass normalized activity of 0.08 mol.g−1h−1 (Silva et al. 2018).

4 Conclusion

Nanotechnology-based advancements have emerged as a helping hand for environ-
mental engineers for solving various kinds of issues related to the environment.
However, the toxicity of most of the nanomaterials in addition to the cost involved in
their synthesis has always limited their bulk usage, especially for energy and envi-
ronmental applications. HNT are naturally occurring aluminosilicate nano-supports
with additional benefits such as being eco-friendly biocompatible and non-toxic, and
these nanotubes have found that their way is an excellent alternative for applications
in the fields of energy and environment.

The nanotube showcases excellent thermal and mechanical properties, along with
an alterable surface chemistry. These properties in addition to the good adsorption
behaviour make HNT a suitable nano-support for various guest molecules. In the
field of environment, commonly used guest molecules include functional reactive
moieties, biomolecules and biopolymers, and nanoparticles. HNT immobilized with
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such kinds of guestmolecules have been used for tackling environmental pollution by
the detection and remediation of pesticides, removal of harmful dyes, heavy metals
and gases from the environment. In addition to these, such guest immobilized HNT
have also been used for energy storage and increasing the efficiency of various fuels.
In future, with more technological advancements, HNT-based biosensors can be
developed for rapid and on-site detection of different pollutants such as greenhouse
gases and pesticides. With such diverse applications in this field, HNT can become
a ‘silver bullet’ for environmental engineers for undertaking issues related to energy
and environmental remediation.
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A Review on Contemporary Hole
Transport Materials for Perovskite Solar
Cells

Saikumar Nair and Jignasa V. Gohel

Abstract The present review article is focussed on different types of hole-
transporting materials (HTMs) under research over the past few years in the
perovskite-based solar cell (PSC) in achieving the goal of higher power conver-
sion efficiency (PCE) and operational stability. There has been a growth spurt of
efficiency from 3.8 to 22.1% in the last decade which has attracted researchers and
the renewable industry. HTMs are an indispensable part of PSC which affects both
efficiency and stability. An overview of different types of HTMs (organic, inorganic,
and polymeric) is presented detailing its structure, electrochemical, and physical
properties, while highlighting several considerations for making a choice for a new
HTM for PSC. The recent progress is shown with PSC’s device architecture, fabri-
cation technique and their respective JV characteristics to help readers understand
the challenges surrounding HTM and opportunities to make it highly efficient and
stable.

Keywords Perovskite solar cells · Hole transport materials · Charge carriers ·
Methylammonium lead iodide

1 Introduction

In 2009, Miyasaka et al. in their seminal work found out that organometal halide
perovskite can be used as a light-absorbing layer in a solar cell (Kojima et al. 2009).
This particular solar cell had an efficiency of 3.8% which made a big paradigm shift
onto a premise of a novel type of solar cell. The perovskite compoundwhichwas used
as the visible light sensitizer has the chemical form of CH3NH3PbX3 or MAPbX3

where X is a halogen. This gave rise to a plethora of new research under solar cells
which are collectively called “third-generation solar cell.” At present, the efficiency
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has surpassed to more than 20% with the advent of new measures to control stability
and increase the power conversion efficiency of perovskite solar cells. Currently, the
highest reported efficiency is at 22.7% (NREL 2018). This spurge in efficiency was
in a matter of few years. Contrastingly, silicon-based solar cells took almost 60 years
to achieve the same level of efficiency (NREL 2018; Economist 2018). Talks are also
underway to bring the first commercial perovskite solar cells to the market in a year
(Economist 2018).

This development in perovskite research is not free from pitfalls. It is still plagued
with many problems surrounding stability of the different layers involved (HTM,
Perovskite layer, and ETL).

To competewith the silicon-based solar cells which dominate the PVmarket, there
are certain issues that are of paramount concerns. The stability of perovskite-based
solar cells is very low compared to silicon-based cells. There have been countless
research studies pertaining to the stability of the different layers involved in the
perovskite cells, and there have also been many attempts to improve the efficiency
of perovskite cells by using a tandem configuration with silicon.

The major instability issues for PSC can be attributed to moisture, temperature,
oxygen, and UV Light (Conings et al. 2015; Misra et al. 2015; Aristidou et al. 2015;
Han et al. 2015; Senocrate et al. 2018). HTM plays an important role in the long-
term stability of the solar cells. It plays a vital role in transferring holes from the
perovskite layer to the back contact metal electrode. Additionally, it acts as a barrier
between perovskite and metal electrode; this in turn increases the device stability
and effectively blocks the transfer of the electron from perovskite layer to the anode.
Consequently, HTM should ensure higher stability and efficiency. HTM would also
require higher thickness to avoid leakage currents and pinholes.

The most commonly used HTM is a solid-state HTM called Spiro-OMeTAD. It
was discovered by Park and his co-workers (Kim et al. 2012) as an alternative to
conventional liquid-based electrolyte HTM. This gave an efficiency of 9.7%. Since
then, researchers have focussed on different types of HTM using organic, inorganic,
and polymeric materials.

2 Organic-Based HTM

2.1 Spiro-Based HTM

After the first use of spiro-based HTM by Kim et al. (2012), there is a great progress
in the use of spiro-based HTM using different dopants. The molecular configuration
of Spiro-OMeTAD is such that it offers a good optical stability and proper thermal
stability. Moreover, methoxy substituent located at the end of triphenylamine in the
spiro configuration influences the optical and electrical properties. Consequently,
many derivatives are synthesized by changing the location of the methoxy groups.
The spiro structure (Fig. 1) suffers from poor hole mobility (~10−4 cm2 V−1 s−1)
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Fig. 1 Structure of
Spiro-OMeTAD

and poor conductivity (~10−5) in its original form. To counter this, it is usually
blended with certain additives like TBP (4-tert-butylpyridine) and Li-TFSI (lithium
bis(trifluoromethylsulfonyl)) to increase the conductivity for hole transport and col-
lection and decrease recombination at the interface (Snaith and Grätzel 2006). But
it is found that additives may lead to decrease in the long-term stability of the spiro
structure.

Snaith and his co-workers used a low-cost method to develop a mesostructured
PSC with an efficiency of 10.9% (Lee et al. 2012). This was done using mesoporous
alumina scaffold, a mixed halide perovskite absorber, and Spiro-OMeTAD. Then, a
sequential deposition method was proposed by Julian and Graetzel (2013) to deposit
perovskite pigment to the porous metal oxide using Spiro-OMeTAD as a HTM
(Fig. 2). A power conversion efficiency of about 15%was achieved using his method.

Spiro-OMeTAD has also been doped with p-type dopants like Li and Co to
achieve an efficiency as high as 19.7% (Li et al. 2016; Kumari et al. 2019). Nam
and Co-workers found out that just by changing the position of methoxy groups in a

Fig. 2 Cross-sectional SEM image of a photovoltaic perovskite cell using Spiro-OMeTAD.
Reprinted with permission from Burschka (2013) Copyright (2013) Nature
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Fig. 3 Procedure for obtaining perovskite film from a vacuum flash-assisted solution processing
(VASP) wherein substrate is kept under a vacuum chamber to get crystallized and then annealed to
form a highly crystalline perovskite substrate

spiro configuration, the cell performance was drastically changed (Jeon et al. 2014).
NMR and mass spectroscopy showed that spiro derivative of o-OMe substituent
exhibited higher performance with PCE of 16.7% as compared to conventional
p-OMe-substituted spiro derivative (Jeon et al. 2014).

Zhang et al. (2018) designed and characterized asymmetric methoxy sub-
stituents of Spiro-OMeTAD. The spiro derivative 2,4-Spiro-OMeTAD exhibited
PCE of 17.2% and excellent stability (90% PCE after 504 h) than conventional
spiro-OMeTAD under the same conditions (Zhang et al. 2018) (Fig. 3).

Vacuum flash solution processing method (VASP) was used by Li and
Graetzel to prepare metal halide PSCs with Spiro-OMeTAD as a HTM using
bis(trifluoromethylsulfonyl) imide (Li-TFSI) and tert-butylpyridine (t-BP) as an
additive. A certified efficiency of 19.6% was obtained with no hysteresis effect (Li
et al. 2016).

In spite of the high PCE obtained over the course of recent years, spiro-based
HTMs suffer from poor conductivity and low hole mobility. Also, dopants like 4-
tert-butylpyridine (TBP) and Li salts increase the hole conductivity with a decrease
in stability due to their hygroscopic nature. This exacerbates the stability of HTM
since Spiro-OMeTAD is more susceptible to humidity (Leijtens et al. 2012). Another
major impediment is cost factor where Spiro-OMeTAD fares badly.

2.2 Triphenylamine Organic Hole Transport Material

Triphenylamine-based HTM has garnered the attention of many researchers because
of their good holemobility properties, lower cost, and easier synthesismethods. They
are also considerably low cost compared to Spiro-OMeTAD. A study by Lv et al.
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(2015) has found that triphenylamine-based HTM containing vinyl derivatives, 3,6-
di (2-(4-(N,N-di(p-tolyl)amino)phenyl)vinyl)-9-ethylcarbazole (apv-EC) and 3,6-di
(2-(4-(N,N-di(p-tolyl)amino)phenyl)vinyl)-2-thiophene (apv-T) had a PCE of about
12% without the use of any dopant material. Their overall efficiency was reported to
be less than Spiro-OMeTAD. Triphenylamine has low solubility in organic solvents
and low ionic potential which would be conducive to PSCs (Lv et al. 2015). It is
found that devices with HTM with no dopant offered comparable efficiency as that
of Spiro-OMeTAD but had lower stability. Also, the nonplanar TPA compound lead
to lower hole mobility due to increased long intermolecular distance. To counter this
effect, additives like lithium are added to increase hole mobility and stability.

Choi and Park synthesized triphenylamine-based two star-shaped HTM (FA-
MeOPh) and TPA-MeOPh were by that had a fused triphenylamine and a triph-
enylamine core. FA-MeOPh showed a comparable efficiency of 11.86% to that of
Spiro-OMeTAD-based cell (12.75%) (Choi et al. 2014). It also showed good rela-
tive stability of 250 h under the sun (Choi et al. 2014). It is easy to synthesize, and
inexpensive materials would make it a good alternative to spiro-based HTM (Fig. 4).

Zhang and Graetzel reported a novel butterfly-shaped HTM (Z1011) based on
triphenylamine. The PSC based on this configuration managed to get an efficiency
of about 16.3%with no doping compared to an efficiency of 16.5% in p-doped Spiro-
OMeTAD.Moreover, the stability of these materials was better than Spiro-OMeTAD
with no encapsulation for about 1000 h (Zhang et al. 2016).

To improve the charge transfer, Park et al. preparedHTMbased on threemolecules
triphenylamine (TPA) and [2,2]-paracyclophane. The three molecules varied in their
number of TPA groups and thus named Di-TPA, Tri-TPA, and Tetra-TPA. It was
found that with the increase in TPA groups, the efficiency, JV characteristics, and fill
factor increased. Tetra-TPA had the highest PCE of 17.9%with Voc of 1.05, Jsc of 22
mAcm−2, and fill factor of 78. This enhanced photovoltaic performance is attributed
to pronounced charged transport in the HTM film (Park et al. 2016) (Figs. 5 and 6).

2.3 Thiophene-Based Organic Hole Transport Material

Li and Co-workers first reported a thiophene-based heterocyclic molecule 3,4
ethylenedioxythiophene (H101) as a hole-transporting material (HTM) to achieve an
efficiency of about 10.8%with no doping (Li et al. 2014a). This result was compared
to H101 with varied dopings of 5% and 15% chemical FK102 and Spiro-OMeTAD
with 15% doping. The results showed that H101 with 15% of doping achieved a PCE
of about 13.8 compared to that of Spiro-OMeTAD’s 13.7 (Li et al. 2014a). This gave
a promising start for thiophene-based HTM.

Based on this study later on, Li synthesized two more molecules based on H101,
H111, and H112 which had slightly better PCEs (14.7 and 14.9%). The Tg values for
the new HTMs were high, which indicated that it had better stability and it was also
reported that it had better HOMO levels, which consequently accounted for higher
Voc (Li et al. 2014b).
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Fig. 4 JV characteristics of FA-MeOPh and TPA-MeOPh in comparison to Spiro-OMeTAD.
Reprinted with permission from Ko (2014) Copyright (2014) Royal Society of Chemistry

2.4 Carbozole Hole Transport Material

Do Sung et al. (2014) were among the first to focus on carbozole molecule-based
HTM. They managed to synthesize and characterize this molecule SGT-407, SGT-
405, and SGT-404 based on two- and three-arm typed armed structures linked via
phenylene amine derivative-based core. Among these three molecules, SGT-405
with three-armed structure exhibited highest PCE of 14.79% compared to that of
Spiro-OMeTAD (15.23%) (Do Sung et al. 2014).
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Fig. 5 Structures of organic hole transport layers

Fig. 6 JV characteristics of Di-TPA, Tri-TPA, and Tetra-TPA. Reprinted with permission from
Park (2016) Copyright (2016) Royal Society of Chemistry (Open Access)
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Fig. 7 Structure of V950

A new twin molecule V886 based on methoxydiphenylamine-substituted car-
bazole was synthesized by Gratia and his co-workers (2015). On using it as a HTM
in CH3CH2NH3PbI3-based PSC, it offered a PCE close to 17% (compared to Spiro-
OMeTAD) and high current density of (>21 mAcm−2). Tg values were reportedly
higher than that of Spiro-OMeTAD which shows higher thermal stability. Being
fully amorphous V886 showed higher electrical conductivity than Spiro-OMeTAD
under same conditions. Also, V886 had good film-forming and solubility properties
to allow for high-quality thicker films (Gratia et al. 2015) (Fig. 7).

Daskeviciene et al. (2017) developed a method to synthesize a novel low-cost
carbozole-based HTM for PSC. This carbozole-based HTM, namely, V950 (3 amino
9 ethylcarbazole and 2,2-bis(4-methoxyphenyl)acetaldehyde moieties) was synthe-
sized using simple method like one-step synthesis from inexpensive commercial
reagents and entailed no expensive catalysts. The material and chemical synthesis
cost was far much lower for this HTM compared to Spiro-OMeTAD. It offered a
PCE of about 17.8% and JV characteristics comparable to that of Spiro-OMeTAD
(Daskeviciene et al. 2017).

2.5 Pyrene Derivatives

Due to high cost of conventional HTMs like Spiro-OMeTAD, smaller organic
molecules made of pyrene have garnered interest among researchers. Jeon
et al. (2013) successfully synthesized and characterized three pyrene ary-
lamine derivatives, Py-A 1-(N,N-di-p-methoxyphenylamine)pyrene, Py-B (1,3,6-
tris-(N,N-di-p-methoxyphenylamine)pyrene), and Py-C (1,3,6,8-tetrakis-(N,N-di-p-
methoxyphenylamine)pyrene)withNMRspectroscopy, elemental analysis, andmass
spectrometry (Fig. 8).
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Fig. 8 Structure of Py-A,
Py-B and Py-C. Py-A: X1 =
X X2, X3 X4 = H, Py-B:
X1, X2, X3 = X X4 = H,
Py-C: X1, X2, X3 X4 = X

The efficiencies obtained for the three derivatives were 3.3, 12.3, and 12.4%. The
PCE of Py-C was comparable to that of Spiro-OMeTAD (12.7%) but with a slightly
lower Voc. This could be due to recombination of the charge carriers (Jeon et al.
2013).

2.6 Triptycene Derivatives

Krishna et al. (2014) designed and synthesized their HTM based on three dif-
ferent molecules 2,6,14-Tri (N,N-bis(4-methoxyphenyl)amino) triptycene (T101)
2,6,14-Tri(N,N-bis(4-methoxyphenyl)aminophen-4-yl) triptycene (T102), 2,6,14-
Tri(50-(N,N-bis(4-methoxyphenyl)aminophen-4-yl)thiophene-2-yl)-triptycene
(T103) with a triptycene core. This type of structure allowed for a higher Tg value
and good solubility in organic solvents. The two molecules (T102 and T103)
showed a PCE of 12.24 and 12.38% comparable to that of spiro-OMeTAD (12.87%)
(Krishna et al. 2014).

In fact, all the three molecules had a higher Voc than spiro-OMeTAD. The fill
factor of the two molecules (T102 and T103) was reported higher than that of Spiro-
OMeTAD.

2.7 Triazine-Based Derivatives

Star-shaped HTMs based on 1,3,5-triazine core were prepared by Do Sung
et al. (2014). Two triazine derivatives Triazine-Th-OMeTPA, (2,4,6-tris[N,N-bis
(4-methoxyphenyl)amino-N-phenylthiophen-2-yl]-1,3,5-triazine) and Triazine-Ph-
OMeTPA (2,4,6-tris[N,N-bis(4-methoxyphenyl)-amino-N-diphenyl]-1,3,5-triazine)
were prepared and characterized. The photovoltaic performance was different owing
to structure differences observed in both the molecules. The triazine derivative,
Triazine-Th-OMeTPA, showed a comparable PCE of 12.51% with Spiro-OMeTAD
(13.45%) (Do Sung et al. 2014).
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The overall performance of both the triazine derivatives was low compared to that
of Spiro- OMeTAD. Moreover, an appreciable stability of 250 h was obtained for
Triazine-Th-OMeTPA (Do Sung et al. 2014) (Table 1).

3 Polymer-Based HTM

3.1 P3HT Poly(3-Hexylthiophene)

In the past few years, P3HT-based polymer HTMs have garnered popularity among
the researches. Snaith et al. used PSC based on P3HT as the HTM. They used
a fullerene C60SAM-based organic monolayer to induce electron transfer from the
polymer HTM and the perovskite layer of CH3NH3PbI3 − xClxI (Abrusci et al. 2013).
But it only gave an efficiency of about 6.7% as compared to the PCE of 11.7% for
Spiro-OMeTAD. This paved the way for future research for P3HT as HTM.

The thickness of P3HT plays a good role in photovoltaic measurements of the
PSC as demonstrated by Abbas et al. (2015). Their research entailed the use of P3HT
with the three types of different HTM thicknesses. They found out that the thinnest
layer (20 nm) of P3HT lead to loss of voltage and a very thick layer (45 nm) of P3HT
lead to increase in shunt resistance, thus decreasing the overall performance of the
cell. The intermediate thickness of 30 nm gave the highest PCE of 13.7%.

Dopants have also been extensively used in P3HT-based HTM. Xiao et al. (2015)
have reportedly used a graphdiyne dopant in a P3HT HTM. The GD dopants have
found to increase the scattering of light, which in turn increases the absorbance rate of
the PSC. The dopants have found to influence the HOMO levels through interaction
with P3HT. The HOMO level is decreased due to π–π stacking of dopant and P3HT.
This decrease in HOMO level causes an ease in the movement of the charge carrier
between perovskite and HTM. The PCE of these devices was found to be up to
14.58% (Conings et al. 2015).

Habisreutinger et al. (2014) focussed on the use of single-walled carbon nan-
otubes (SWNT) in P3HT to use as HTM. The intent was to tune the functionalizing
polymer around SWNT into a selective p-type hole collection layer in PSC. The
P3HT/SWNT-PMMA (poly(methylmethacrylate) showed no degradation even up to
96 h compared with other HTMs (Li-Spiro-OMeTAD, P3HT, PMMA, PTAA) under
the same condition and resulted in an efficiency of 15.3%.

Recently, Kundu and Kelly (2018) synthesized P3HT nanowire and deposited it
in a PMMA poly(methylmethacrylate) matrix to use it as an HTM layer. Different
device HTMs of same configuration PMMA:P3HT 80:20, 85:15, 90:10, and 95:05
were prepared using P3HT and PMMA by varying their ratios. It was found that
the device performance was heavily impacted by the ratios of PMMA:P3HT. The
blended configuration of P3HT/PMMA gave an efficiency ranging from 5.6% (for
PMMA:P3HT 95:05) to 9.1% (for PMMA:P3HT 90:10). Interestingly, P3HT-only
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devices gave an efficiency of 10.7% but degraded within 24 h and PMMA:P3HT
(90:10) degraded slowly under rigorous condition (99% > RH).

3.2 PEDOT: PSS

PEDOT: PSS (poly (3,4-ethylenedioxythiophene):poly (styrenesulfonate) sulfonic
acid) has beenwidely used as anHTM in inverted planar configurations. PEDOT:PSS
has excellent photovoltaic properties compared to inorganic HTMs. The use of
PEDOT:PSS was first reported by Chen et al., when they used PEDOT:PSS in
PSC made of CH3NH3PbI3 perovskite film. The configuration of the PSC was
glass/indium titanium oxide ITO/PEDOT:PSS/CH3NH3PbI3/fullerene(C60)/thin
bathocuproine (BCP) aluminum/(Al). They obtained a modest PCE of 3.9% which
was much lower than highest PCE obtained before (Jeng et al. 2013).

An inverted planar configuration was used by Heo et al. (2015) to fab-
ricate a MAPbI3 PSC with PEDOT:PSS as a HTM. A configuration of
ITO/PEDOT:PSS/MAPbI3/PCBM/Au was adopted by them to get an efficiency of
18%. This type of PSC exhibited better stability and efficiency than other conven-
tional MAPbI3 devices owing to addition of PCBM as an electron-extracting layer
(Heo et al. 2015).

Recently, Chiang and co-workers used PEDOT:PSS as an HTM in an inverted
planar in CH3NH3PbI3 absorber cell. H2O, as an additive in the PbI2/DMF precursor
solution, and DMF vapor treatment were combined to prepare thick perovskite layer
(500 nm) with smooth surface and large grain size. Two-step spin coating was used
to prepare CH3NH3PbI3 absorber layer. This combined synergistic effect of H2O
and DMP vapor treatment resulted in maximum PCE exceeding 20% and the PSC
showed no hysteresis, either in ambient air or nitrogen glove box (Chiang et al. 2017).

3.3 PTAA

Heo et al. (2013) introduced a novel structure incorporating the use of poly-
triarylamine (PTAA) as the HTM in PSC. PTAA as an HTM was compared
with other PSC containing polymeric HTM (P3HT poly-3-(hexylthiophene)),
PCPDTBT (poly-[2,1,3-benzothiadiazole-4,7-diyl[4,4-bis(2-ethylhexyl)-4H-
cyclopenta [2,1-b:3,4-b] dithiophene-2,6-diyl]]), PCDTBT (poly-[[9-(1-
octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophenediyl2,1,3-benzothiadiazole-
4,7-diyl-2,5-thiophenediyl]), and PSCs with no HTM. The device configuration was
FTO/TiO2/mpTiO2/CH3NH3PbI3/HTM/Gold electrode (Heo et al. 2013). The PCE
of PTAA was reportedly the highest (9%) with highest Jsc of 16.4 mA/cm2. This
could be attributed to PTAA’s higher hole mobility than other polymeric HTMs
which lead to better interaction with CH3NH3PbI3. Interestingly, PSC with no HTM
had the lowest efficiency and JV characteristics (Fig. 9).
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Fig. 9 aCross-sectional SEM image of hybrid organic–inorganic heterojunction solar cell compris-
ing of polymeric HTM, b SEM surface image of MAPbI3-coated mesoporous TiO2 film. c Illustra-
tion of device architecture. dEnergy levels for TiO2,MAPbI3, andHTM.Reprintedwith permission
from Heo (2013) Copyright (2013) Nature Photonics

Bi et al. (2015) reported the use of larger grain size non-wetting PTAA to reduce
charge carrier recombination in the PSC. This increased aspect ratio of HTM in PSC
led to an efficiency of about 18.3% and a current density of around 20.8 mAcm−2. It
was found out through thermal admittance spectroscopy (TAS) measurements that
the larger grain size influenced the PCE of the DSC (Table 2).

4 Inorganic Hole Transport Materials

The PSC based on organic and polymer HTMs suffer from humidity sensitiveness
and a very high cost. The current price of high purity of Spiro-OMeTAD is almost
10 times the price of gold and silver. This is again necessitated by the fact that
PSC should meet stringent conditions when deployed commercially. For this reason,
p-type inorganic semiconductor is gaining popularity because of their chemical sta-
bility, higher mobility, and easier manufacturing process (Patel et al. 2018; Patel and
Gohel 2018; Kumari et al. 2018).
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4.1 CuI (Copper Iodide)

CuI was the first inorganic HTM to be deployed by Christians et al. (2014). A PCE
of 6% was achieved with good stability and higher electrical conductivity (Jsc =
17.8 mA/cm2, Voc = 0.55 V); this was comparable with results obtained with Spiro-
OMeTAD (Jsc = 16.1 mA/cm2, Voc = 0.79 V, PCE = 7.9%). The lower efficiency
was attributed to the lower value of Voc using CuI. A gas–solid reaction method
was used for the deposition of CuI film on perovskite which yielded a very high
Jsc of 32.72 mA/cm2 and an efficiency of 7.4% (Gharibzadeh et al. 2016). It was
also reported in this study that there was low hysteresis observed due to high hole
mobility of CuI. As observed in the previous study, this study also reported a lower
value of Voc (0.73 V) due to recombination effects at the CuI–perovskite interface.
This solid–gas reaction was further used by Yu and co-workers to use CuI as a hole
transport material. Yu et al. managed to achieve an efficiency of 14.7% with a Jsc
of 20.9 mA/cm2 and Voc of 1.04 V (Wang et al. 2017). A low-temperature solution
process method was adopted by Bian and co-workers to deposit CuI on perovskite
layer. This led to an efficiency of 16.8%, the highest reported so far for CuI-based
HTMs (Sun et al. 2016). It was observed by the authors that CuI had better air stability
than polymer-based HTM like PEDOT:PSS under similar conditions.

Recently, CuI has also been used in conjunction with PEDOT:PSS as a double
hole transport layer by Wang and co-workers (2018). The CuI acted as a buffer layer
which greatly increased the stability of the device and hole extraction. The average
exciton lifetime was significantly reduced to 2.7 ns. A PCE of 14.3% was achieved
for this device.

4.2 CuSCN

Copper thiocyanate (CuSCN) is another p-type HTM that has gained popular-
ity among researchers because of its high mobility of 0.01–0.1 cm2 V−1S−1,
high conductivity (10−2–10−3 S cm−1), and high chemical stability. There are
different fabrication methods for the preparation of CuSCN like doctor blad-
ing technique, chemical bath deposition, electrochemical deposition, and ionic
layer absorption reaction. Chavhan et al. (2014) investigated the first use of
CuSCN as an inorganic hole transport material in a planar heterojunction-based
glass/FTO/TiO2/CH3NH3Pb3–xClx/CuSCN/Au with power efficiency of 6.4%. The
devices were characterized, and it was found that the main limiting photovoltaic
parameter was a low Voc (0.727 V), which was attributed to low diffusion length.
Qin et al. used a doctor blading technique for depositingCuSCN.The device structure
had the configuration of FTOglass/ TiO2/CH3NH3PbI3/CuSCN/Au (Qin et al. 2014).
The presence of CuSCN gave a solar performance of PCE 12.4%. An inverted planar
structure was used by Bian and co-workers (2015) by one-step deposition crystalliza-
tion method to fabricate CH3NH3PbI3 films on top of CuSCN. This PSC prepared
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by one-step method reportedly had higher reproducibility and stability and the effi-
ciency of the device reached up to 16.6%. The highest efficiency for a CuSCN-based
HTMwas reported by Lee and et al. (2017) with an efficiency of 17.10% using spray
deposition technique and the use of no additives. It was noted that the conventional
doctor blading technique damages the perovskite layer during the coating process
of CuSCN. The authors reported that the use of this technique made no damage to
the perovskite layer, and the fabricated PSC gave a remarkably long-term thermal
stability with JV characteristics being Jsc of 23.1 mA/cm2, Voc of 1.013 V, and FF
of 0.731. The lower Voc can be attributed to the use of no additives. Therefore, the
deposition method used in fabrication of HTM layers in PSC plays an important role
in the overall performance of the cell.

4.3 NiO

NiO has been extensively used as an HTM in thin-film structures and mesostructured
scaffold because of its good hole conductivity, deep valence band level−5.3 eV, and
large energy gap (3.5–3.9 eV). Thefirst high-performancePSCbased onNiOasHTM
was based on an inverted planar configuration (NiONC/CH3NH3PbI3/PCBM/Al),
and it was fabricated using sol–gel process by Zhu et al. (2014). It was recommended
by the authors that the cellsmust have high-quality perovskite and sufficient thickness
for NiO nanocrystalline film as a hole transport layer. The efficiency obtained in this
study was 9.11% with Jsc 16.27 mA/cm2, Voc = 0.882 V, and FF = 0.635. The
efficiency of PSCs using Ni-based HTM was further increased by Kim et al. to
15.4% by doping 5% Cu in HTM (Kim et al. 2015). The Jsc and Voc values obtained
were all higher than PEDOT:PSS and NiOx with no doping under similar conditions.
Owing to higher Eg levels, it shows higher Voc levels and appropriate alignment with
high Eg levels found in perovskite. Jung et al. (2015) reported a low-temperature
combustion process to prepare Cu-doped NiOx HTM for high performance. The
films prepared from this method were better than high-temperature sol–gel methods
with an efficiency of 17.7%.

He et al. (2018) recently focussed on post-treatment of NiO hole transport layer
through surface modification by using a trifunctional molecule cysteine (Cys) to
enhance the interfacial contact.

This type of protocol achieved the highest efficiency of 18.3%, gave Voc of more
than 1.12 V and suppressed the hysteresis to negligible.

PSC incorporating 5% Y (yttrium) doped in NiO HTM layer was demonstrated
by Hu et al. 2018. The doping of Y led to lower recombination rate, proper charge
carriers, and enhanced hole mobility. A PCE of 16.31% was achieved with current
density Jsc of 23.82 mA/cm2.



162 S. Nair and J. V. Gohel

4.4 Graphene Oxide (GO)

Graphene and its derivates have been used both in electron transport layer (ETL)
and hole transport layer (HTM). Graphene oxide (GO) is the most commonly used
graphene derivative as HTM because of its high thermal conductivity (600 Wm−1

k−1), appreciable valence band (5.2 eV), and high charge mobility. Wu and co-
workers (2014) first time employed graphene oxide (GO) as a conductor. They found
that perovskite films observed on graphene exhibited much better crystallization and
efficient hole extraction. An efficiency of about 12.4% was observed. Moreover,
GO was employed as a dual functional buffer layer by Li.et al. 2014 to address the
issues with wettability of the HTM solution on perovskite surface and recombina-
tion of charge carriers. This led to an efficiency of about 15.1% with a high Jsc of
20.2mA/cm2,Voc of 1.04 V, and a film factor of 0.73. The highest reported efficiency
was 18.1% by Agresti et al. (2016) in which they used graphene in both ETL and
HTM. Graphene oxide was used as a buffer layer between perovskite and HTM layer
and doped graphene flakes in their mesoporous structure. This structure showed a
good stability of 88% of PCE after 16 h under one sun illumination (Table 3).

5 Outlook

In this review, focus was given on recent research strides in hole transport materials
(HTM) based on organic, inorganic, and polymer-based substances. As progress
continues in the field of photovoltaics pertaining to perovskite, hole transport layers
play an indispensable part in charge transportation. It is one of the three main layers
constituting the perovskite cell and has a huge impact on efficiency and stability of
the cell.

Whilst costly, Spiro-OMeTAD still dominates the role as an HTM for perovskite
cells among researchers. With its costly synthetic production, researchers are devel-
oping and incorporating different alternatives using novel materials. Among the
organic-based small molecules, triphenylamine, thiophene, carbazole, triptycene,
and triazine have garnered interest among researchers. It has been found through
literature that doped organic-based HTMs may lead to high efficiency but are more
susceptible to degradation with time. A proper HTM must have good film-forming
properties, must be chemically stable and should have higher mobility. A good HTM
should also have a suitable HOMO energy level for efficient transport of holes from
the perovskite to the hole-transporting layer. Also, HOMOenergy level is not the only
limiting factor in choosing an efficient HTM; it should also have proper recombina-
tion of charge carriers, because recombination of charge carriers in perovskite–HTM
interface plays an important role in the efficiency and stability of the cell.

Small organic molecule-based HTM possess proper interface contact, good film-
forming ability, and more processing solvent compared to polymeric HTM. Poly-
meric HTMs like P3HT and PTAA have tunable HOMO level, high conductivity, and
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good solubility. PEDOT:PSS also showed appreciable efficiency range of stability
and efficiency.

Inorganic HTMs like CuI and GO greatly improve stability when it acts like a
buffer layer. In addition, NiO doped with other p-type inorganic materials showed
better JV characteristics and suppressed hysteresis. Moreover, the p-type inor-
ganic HTMs are chemically stable, have higher hole mobility, and are cheaper to
manufacture.

Owing to different desirable factors in HTMs, it will be important to explore the
characteristics of potential HTM (Interfacial properties, hole mobility, and charge
carrier recombination) for enhanced device performance in perovskite-based solar
cells. The varied photovoltaic performance among different HTMs is a characteristic
of the interaction of the perovskite and HTM layers. The chemical mechanisms of
such interactions have not been studied in deep at present. For a proper design of new
HTM interfaces, these mechanisms have to be thoroughly investigated. In addition,
the use of inorganic buffer layers to HTM interface needs to be realized for proper
interface contact and stability.
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Conjugation of Nanomaterials
and Bioanodes for Energy Production
in Microbial Fuel Cell

Ambika Arkatkar, Arvind Kumar Mungray and Preeti Sharma

Abstract The term nanotechnology is popularized for the study of small particles
with unique properties. Nanoparticles arewidely studied for their use in themedicinal
field. The application of these tiny particles in the abiotic world of energy generation
is also acceptable. The use of surface enhancement property of nanomaterials can
be applied in the field of biotic energy generation and simultaneous waste treatment
technology. The two goals are targeted under microbial fuel cell (MFC) technology.
The MFC reactors can be added as one major area for application of nanoparticles.
This chapter will deal with the basic idea of MFC and its limitation. We will further
understand the use of nanoparticles as a solution for power enhancement in an MFC
reactor.

Keywords Nanoparticles ·Microbial fuel cell · Anode · Power enhancement

1 Introduction of MFC

The day by day depletion of nonrenewable source of energy has become a prime
concern for the world economy. The renewable sources of energy are not abundantly
available in all parts of the world throughout the year. The voluminous generation of
waste is another parameter bothering the safe survival of animal and plant kingdom
on earth. The scientific community has now shifted its focus toward developing a
technology that can simultaneously target the two big issues as stated above.

Microbial fuel cell (MFC) technology is emerging as an alternative method for
waste treatment and up to some extent a system that can generate power. The technol-
ogy holds its roots in 1910–1911 (Bullen et al. 2006; Franks and Nevin 2010) when
it was discovered that few microbes can give out electrons which can be captured to
generate power. The research then again gained its momentum in the early twentieth
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century (Schröder 2012) when the research was initiated for development in nearly
all aspects of MFC technology. In this reactor, the activity of oxidation and reduction
of electrons was separated in two chambers. In one chamber substrate was oxidized
by the microbes to generate electrons. These electrons were channelized to travel
in the second chamber; in this chamber either they will reduce a chemical or react
with air/oxygen. The chambers will be separated internally by means of a proton
permeable membrane (PEM) that allows the passage of protons toward the adjacent
chamber. The proton and electron combine with air/oxygen to form water (Logan
2008).

The different parts of MFC have their application in different fields. The anode
chamber, where the waste substrate is degraded mostly serves as a treatment facility.
The cathode chamber where the electrons and protons ultimately unite can be used as
a recovery system for different metals, (Liang et al. 2011; Rikame et al. 2018; Song
et al. 2016) as a biomass generation unit, (Gajda et al. 2015) as a hydrogen generation
unit (Ogawa et al. 2018), etc. Based on its application MFC is often conjoined with
other treatment facilities like septic tank, (Alzate-Gaviria et al. 2016) osmotic fuel
cell, (Qin and He 2017; Qin et al. 2015), etc.

2 Limitations of MFC

The MFC reactor has proven to treat domestic wastewater up to the level of an
activated sludge reactor (ASR) used in a wastewater treatment (WWT) plant (Asai
et al. 2017). The major setback for the commercialization of this technology is its
ability to produce limited power. The efficiency loss during scale-up process, higher
cost of PEM and the internal resistances in a reactor are thought to be the hinder-
ing factors behind the marketing of this technology (Logan et al. 2006; Mathuriya
et al. 2018). The various aspects taken into consideration for the reduction of these
internal resistances are (a) Designs of reactors; (b) Membranes; (c) Biofilms, and (d)
Electrodes.

The designs of reactors are majorly changing to reduce the internal resistance
in the MFC reactors. The work has been extensively done by researchers at Penn
State University (Logan et al. 2006) and Bristol Robotics Laboratory, West England
University (Ieropoulos et al. 2005). The researchers are also shifting from the lab scale
double chamber reactor tomore feasible single chamber, air-cathode reactors because
its small size offers easy handling and mass experimentation with it at the laboratory
level. The different designs and structures are always casted as per the requirement of
the end application of this technology. The next aspect “membranes” are the costliest
part of the reactor. Membrane less reactors (Zhou et al. 2018; Zhu et al. 2011) and
ceramic membranes (Ghadge et al. 2014; Ieropoulos et al. 2013;Winfield et al. 2016)
are being studies for the replacement of costlier proton exchange membranes in the
reactors. The working force behind the technology is biofilm (Arkatkar et al. 2019).
The work on isolation of capable exoelectrogen is going on worldwide; the microbes
like Shewanella sp., Geobacter sp., etc. are studied in depth for understanding the
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mechanism of electron generation and transfer few studies are also carried out on
bioengineered microbes (Choudhury et al. 2017). The focus of this chapter will be
mainly on the anode electrode modification through the use of nanomaterials and
its effect on biofilms on the electrode. The other topics can be studied in detailed
elsewhere.

3 Bioanodes/Microbial Growth in MFC

The anode chamber in MFC reactor is the place where electron and proton are
generated. This generation process completely depends on the microbes, also known
as exoelectrogens. The major factors that affect the electron generation and its flow
in the anode chamber are: (a) choice of substrate; (b) choice of exoelectrogens; (c)
electrode material (i) large surface area (ii) biocompatible and electron conductive
nature; and (d) conductivity of anolyte (Xie et al. 2015).

Theoretically magnitude of substrate degradation is directly proportional to the
magnitude of the generation of electron and protons in a reactor (Logan 2008).
The microorganism may have limitation for the degradation of a particular substrate
(Zhang et al. 2011). Thus the choice of substrate and choice of exoelectrogens are
interrelated issues (Pant et al. 2010). The electrodematerial should have a conductive,
biocompatible nature with larger surface area (Choudhury et al. 2017; Logan et al.
2006). The biocompatible nature helps in the building of biofilm on the electrode
surface. Larger the surface area betterwill be the space available for biofilm formation
and capturing of electrons. The conductive nature of both electrode and electrolyte
(anolyte) is important for the smooth flow of electrons (Du et al. 2015).

The generation of electrons will not be restricted to happen in the anode biofilm.
In a mixed culture condition, it is possible that the degradation of substrate and
release of electron may occur at some distance from the anode electrode. Under such
conditions the conductive nature of electrolyte can be helpful for the flow of electrons
toward the electrode. Once the electron is released from the outer membrane of the
exoelectrogens, it has many paths to follow. As shown in Fig. 1 the electron may
be consumed by another microbe; (Rotaru et al. 2014) it may directly travel to the
anode (Arkatkar et al. 2019), or it may be channelized toward anode via a mediator

Fig. 1 Pictorial
representation of path
followed by an electron in
the anode chamber
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(artificial (Tharali et al. 2016) or natural (Bosire et al. 2016; Cao et al. 2019; Huang
et al. 2018)).

Thegrowthofmicrobial culture is always subjected to the environmental condition
around it. A spontaneous drive of electron in the outer space will increase the rate of
reaction inside the bacterial cell. Thus, it is important to increase the rate of electron
consumption in the outside environment of an exoelectrogen. To increase the electron
consumption in anode chamber the strategies like growth of exoelectrogenic biofilm
on the anode surface, addition of mediators in the anolyte, and coating of electron
acceptor on the anode surface can be implemented.

The growth of conductive biofilm helps the anode to capture electrons (Babauta
et al. 2012). As explained through earlier studies the addition of a mediator from out-
side or a secretion of the microbial culture will boost the flow of electrons toward the
anode. The electrode surface when coated with oxides of metals and other materials
can serve as an improved electron receptor (Lv et al. 2012; Zhang et al. 2016).

4 Application of Nanomaterial/Nanoparticles in MFC

Nanotechnology is a branch of science that deals with the nanoscale particles.
These particles have small size (in the range of 1–100 nm), and unique proper-
ties which are exhibited by their bulky counterparts. These tiny particles alter the
role of the base substance in a reaction. The small size facilitates the rate of reac-
tion in which these nanoparticles are involved. The nanoparticles are used for coat-
ing of the electrode surface in MFC. It has been very well proven that the coating
of nanoparticles/nanomaterials enhance the power production in MFC (Jiang et al.
2014).

Mostlymetal oxides having highelectron accepting capability are chosen for coat-
ing on an electrode. The method of preparation of nanoparticles and coating varies
in each study (Table 1). The reduction in the size of metal oxide enhances the surface
area for electron reaction and simultaneously increases the availability of oxides
as electron acceptor. In an MFC reactor the electrode, anode, and cathode accept
electrons; anode accepts it from microbes and cathode accepts it from anode via an
external circuit. As the anode is always in contact with the microbial culture it is
termed as bioanode. Thus, while coating of the nanoparticles on anode one should
consider a few biological aspects. The compatibility and durability of coating are
major parameters to given attention on.

5 Review of Research

Themetal oxides like iron (Fe), (Mohamed et al. 2018a, b)manganese (Mn), (Kalathil
et al. 2013) tin (Sn), palladium (Pd), (Xu et al. 2018) molebdenum (Mo) (Zeng et al.
2018a, b), and carbon nanotubes (Table 1) are frequently used metals for preparation



Conjugation of Nanomaterials and Bioanodes for Energy … 173

Ta
bl
e
1

Ta
bu
la
r
in
fo
rm

at
io
n
re
ga
rd
in
g
na
no

m
at
er
ia
ls
us
ed

in
M
FC

Sr
.

no
.

M
FC

de
si
gn

E
le
ct
ro
de

m
at
er
ia
l

M
od
ifi
ed

el
ec
tr
od

e
N
an
om

at
er
ia
lu

se
d

Sy
nt
he
si
s
pr
oc
es
s

Po
w
er

en
ha
nc
ed

R
ef
er
en
ce
s

1
H
-S
ha
pe
d
M
FC

G
ra
ph

ite
fe
lt

B
ot
h
an
od
e

an
d
ca
th
od
e

Si
ng

le
-w

al
le
d
ca
rb
on

na
no
tu
be
s
(S
W
C
N
T
s)
,

G
ra
ph
iti
se
d
ca
rb
on

bl
ac
k
(G

C
B
),
C
ar
bo
n

na
no
fib

re
s
(C
N
Fs
),
an
d

G
ra
ph
iti
se
d
ca
rb
on

na
no
fib

re
s
(G

C
N
Fs
)

Su
sp
en
si
on

w
as

pr
ep
ar
ed

by
m
ix
in
g

re
ad
ym

ad
e

na
no

pa
rt
ic
le
s

G
ra
ph
iti
se
d
ca
rb
on

na
no
fib

re
s

(G
C
N
Fs
)
41

m
V

A
lh
ar
bi

(2
01
3)

2
Si
ng
le
-c
ha
m
be
r

M
FC

s
w
ith

an
ai
r-
ca
th
od

e

G
ra
ph

ite
fe
lt

A
no
de

N
an
o
po
ly
py
rr
ol
e

(n
an
o-
PP

y)
E
le
ct
ri
cp
ol
ym

er
iz
at
io
n

re
ac
tio

n
us
in
g
cy
cl
ic

vo
lta

m
m
et
ry

(C
V
)

w
ith

di
ff
er
en
tc
yc
le

du
ra
tio

n

PP
y-
2
M
ax
im

um
po
w
er

de
ns
ity

w
as

43
0
m
W
/m

2
,a

15
%

in
cr
ea
se

co
m
pa
re
d
w
ith

th
at

of
th
e
co
nt
ro
l

C
hi

(2
01
3)

3
H
-S
ha
pe
d
M
FC

C
ar
bo
n
pa
pe
r

A
no
de

C
N
T
/M

nO
2

na
no
co
m
po
si
te

Fa
br
ic
at
io
n
of

co
m
po
si
te
w
as

do
ne

in
la
bo
ra
to
ry

M
od
ifi
ed

an
od
e—

po
w
er

de
ns
ity

12
0

m
W
/m

2

K
al
at
hi
le
ta
l.

(2
01
3)

4
H
-S
ha
pe
d
M
FC

T
he

gl
as
sy

ca
rb
on

el
ec
tr
od

e
A
no
de

M
ul
ti-
w
al
le
d
ca
rb
on

na
no
tu
be
s
an
d
tin

ox
id
e

(M
W
C
N
T
s/
Sn

O
2
)

Fa
br
ic
at
io
n
of

co
m
po
si
te
w
as

do
ne

in
la
bo
ra
to
ry

M
od
ifi
ed

an
od
e—

m
ax
im

um
po
w
er

de
ns
iti
es

14
21

m
W
m

−2

M
eh
di
ni
a

et
al
.(
20
14
)

5
Si
ng
le
ch
am

be
r

M
FC

C
ar
bo

n
fe
lt

A
no
de

C
ar
bo
n
fe
lt
Su

pp
or
te
d

na
no
-m

ol
yb
de
nu
m

ca
rb
id
e(
M
o 2
C
)/
ca
rb
on

na
no
tu
be
s
(C
N
T
s)

co
m
po
si
te

M
ic
ro
w
av
e-
as
si
st
ed

m
et
ho
d

M
od
ifi
ed

an
od
e—

m
ax
im

um
po
w
er

de
ns
iti
es

1.
05

m
W
m

−2

W
an
g
et
al
.

(2
01
4)

(c
on
tin

ue
d)



174 A. Arkatkar et al.

Ta
bl
e
1

(c
on
tin

ue
d)

Sr
.

no
.

M
FC

de
si
gn

E
le
ct
ro
de

m
at
er
ia
l

M
od
ifi
ed

el
ec
tr
od

e
N
an
om

at
er
ia
lu

se
d

Sy
nt
he
si
s
pr
oc
es
s

Po
w
er

en
ha
nc
ed

R
ef
er
en
ce
s

6
H
-S
ha
pe
d
M
FC

C
ar
bo
n
cl
ot
h

A
no
de

N
itr
og
en

do
pe
d
ca
rb
on

na
no
pa
rt
ic
le
s
(N

D
C
N
)

C
he
m
ic
al
va
po

r
de
po
si
tio

n
m
et
ho
d

M
od
ifi
ed

an
od
e—

m
ax
im

um
po
w
er

de
ns
iti
es

29
8.
0
m
W
m

−2

Y
u
et
al
.

(2
01
5)

7
M
em

br
an
e
le
ss

si
ng

le
ce
ll

B
io
fu
el
ce
ll

(B
FC

)

Te
flo

n
ro
ds

el
ec
tr
od
e

ca
vi
ty

G
lu
co
se

ox
id
as
e

en
zy
m
e
+

na
no

pa
rt
ic
le
s

on
an
od
e
an
d

L
ac
ca
se

E
nz
ym

e
on

ca
th
od
e

G
ra
ph
en
e
ox
id
e
(G

O
)

an
d
G
ra
ph
en
e–
pl
at
in
um

hy
br
id

na
no

pa
rt
ic
le
s

(G
r-
Pt

hy
br
id

N
Ps
)

Fa
br
ic
at
io
n
of

co
m
po
si
te
s
w
as

do
ne

in
la
bo

ra
to
ry

Po
w
er

an
d
cu
rr
en
t

de
ns
iti
es

as
2.
40

µ
W

cm
−2

an
d
21
1.
90

µ
A

cm
−2

fo
r
G
O

ba
se
d
B
FC

an
d

4.
88

µ
W

cm
−2

an
d
24
6.
82

µ
A

cm
−2

,f
or

G
r-
Pt

hy
br
id

N
Ps

ba
se
d

B
FC

Te
pe
li
an
d

A
ni
k
(2
01
5)

(c
on
tin

ue
d)



Conjugation of Nanomaterials and Bioanodes for Energy … 175

Ta
bl
e
1

(c
on
tin

ue
d)

Sr
.

no
.

M
FC

de
si
gn

E
le
ct
ro
de

m
at
er
ia
l

M
od
ifi
ed

el
ec
tr
od

e
N
an
om

at
er
ia
lu

se
d

Sy
nt
he
si
s
pr
oc
es
s

Po
w
er

en
ha
nc
ed

R
ef
er
en
ce
s

8
Si
ng
le

ai
r-
ca
th
od

e
M
FC

C
ar
bo

n
cl
ot
h
(C
C
),

C
ar
bo
n
pa
pe
r
(C
P)

G
ra
ph
ite

(G
)
an
d

A
ct
iv
at
ed

ca
rb
on

(A
C
)

A
no
de

N
an
ofl

ak
es

of
co
ba
lt

sh
ea
th
ed

w
ith

co
ba
lt

ox
id
e

E
le
ct
ro
de
po

si
tio

n
te
ch
ni
qu
e

Po
w
er

ge
ne
ra
tio

n
si
gn

ifi
ca
nt
ly

in
cr
ea
se
d
fr
om

56
.3
,7

8.
4,

17
3.
3,

an
d
33
7
m
W
m

−2
to

13
3.
4,
15
9.
2,

47
3.
1
an
d

57
6.
3
m
W
m

−2
by

10
3,

13
7,

17
3
an
d

71
%

fo
r
th
e
C
C
,

C
P,
G
an
d
A
C

el
ec
tr
od

es
,

re
sp
ec
tiv

el
y

M
oh
am

ed
et
al
.(
20
17
)

9
Si
ng
le
ch
am

be
r

m
em

br
an
e
le
ss

ai
r-
ca
th
od

e
M
FC

(S
C
M
FC

)

T
he

gr
ap
hi
te
fe
lt

(G
F)

A
no
de

M
od

ifi
ed

w
ith

0.
00
8
g/
cc

po
ly
py
rr
ol
e

na
no

pa
rt
ic
le
s

(P
py
-N

Ps
)
an
d

0.
02
4
g/
cc

po
ly
-t
hi
op
he
ne

na
no

pa
rt
ic
le
s

(P
T
h-
N
Ps
)

C
on
ve
nt
io
na
ld

ip
-d
ry

m
et
ho
d

A
m
ax
im

um
po
w
er

de
ns
ity

(1
.2
2
W
/m

2
)
w
as

ob
ta
in
ed

fo
r

Pp
y-
N
P
m
od
ifi
ed

G
F
th
an

PT
h-
N
P

m
od
ifi
ed

G
F

(0
.8

W
/m

2
)

Su
m
is
ha

an
d

H
ar
ib
ab
u

(2
01
8)

10
Si
ng
le

ch
am

be
re
d

M
FC

C
el
l-
ag
in
at
e-
gr
ap
hi
te

(C
A
G
)

A
no
de

C
el
ls
us
pe
ns
io
n
m
ix
ed

w
ith

gr
ap
hi
te
po
w
de
r

an
d
so
di
um

al
gi
na
te

Im
m
ob

ili
za
tio

n
te
ch
ni
qu
e

Im
m
ob

ili
za
tio

n
w
as

ac
hi
ev
ed

W
ah
ab

et
al
.

(2
01
8)

(c
on
tin

ue
d)



176 A. Arkatkar et al.

Ta
bl
e
1

(c
on
tin

ue
d)

Sr
.

no
.

M
FC

de
si
gn

E
le
ct
ro
de

m
at
er
ia
l

M
od
ifi
ed

el
ec
tr
od

e
N
an
om

at
er
ia
lu

se
d

Sy
nt
he
si
s
pr
oc
es
s

Po
w
er

en
ha
nc
ed

R
ef
er
en
ce
s

11
Si
ng
le

ch
am

be
re
d

M
FC

C
ar
bo
n
pa
pe
r

A
no
de

Ir
on

ch
lo
ri
de

(C
P-
Fe
)

or
C
ob
al
tc
hl
or
id
e

(C
P-
C
o)

E
le
ct
ro
de
po

si
tio

n
te
ch
ni
qu
e

Pu
re

cu
ltu

re
Pr
is
tin

e
C
P
57

.6
m
W
/m

2
C
P-
Fe

87
.2

C
P-
C
o
13
8.
4

M
ix
ed

cu
ltu

re
Pr
is
tin

e
C
P
78

.5
m
W
/m

2
C
P-
Fe

11
7.
8
C
P-
C
o
16
5.
6

M
oh
am

ed
et
al
.(
20
18
a,

b)

12
Si
ng
le

ch
am

be
re
d

M
FC

C
ar
bo
n
fe
lt
(C
F)
,

C
ar
bo

n
cl
ot
h
(C
C
),

an
d
G
ra
ph
ite

(G
)

A
no
de

Fe
/F
e 2
O
3
na
no

pa
rt
ic
le

E
le
ct
ro
de
po

si
tio

n
te
ch
ni
qu
e

Po
w
er

ge
ne
ra
te
d
in

m
W
/m

2

C
ar
bo
n
Fe
lt
20
0

M
od
ifi
ed

97
0

G
ra
ph
ite

15
6

M
od
ifi
ed

36
0

C
ar
bo
n
C
lo
th

74
M
od
ifi
ed

20
0

M
oh
am

ed
et
al
.(
20
18
a,

b)

13
M
em

br
an
e-
le
ss

ve
rt
ic
al
M
FC

,
ai
r
pu
rg
in
g

ca
th
od

ic
ch
am

be
r
pl
ac
ed

on
th
e
to
p

St
ai
nl
es
s
st
ee
l(
SS

)
ty
pe

31
6
w
ir
e
m
es
h

B
ot
h
an
od
e

an
d
ca
th
od
e

Po
ly
py
rr
ol
e
(P
Py

)
an
d

M
nO

2
ca
ta
ly
st

E
le
ct
ro
de
po

si
tio

n
te
ch
ni
qu
e

Po
w
er

de
ns
ity

ac
hi
ev
ed

44
0

m
W
/m

−2

Ph
on
sa

et
al
.

(2
01
8)

(c
on
tin

ue
d)



Conjugation of Nanomaterials and Bioanodes for Energy … 177

Ta
bl
e
1

(c
on
tin

ue
d)

Sr
.

no
.

M
FC

de
si
gn

E
le
ct
ro
de

m
at
er
ia
l

M
od
ifi
ed

el
ec
tr
od

e
N
an
om

at
er
ia
lu

se
d

Sy
nt
he
si
s
pr
oc
es
s

Po
w
er

en
ha
nc
ed

R
ef
er
en
ce
s

14
D
ua
l-
ch
am

be
r

M
FC

C
ar
bo
n
cl
ot
h

A
no
de

Pa
lla

di
um

na
no

pa
rt
ic
le
s

(P
dN

Ps
)

S.
on
ei
de
ns
is

M
R
-1

w
as

us
ed

as
th
e

ba
ct
er
ia
to

fo
rm

Pd
N
Ps

T
he

Pd
1-
M
FC

(1
m
g
Pd

cm
−2

an
od
e)

an
d

Pd
1-
M
FC

(2
m
g

Pd
cm

−2
an
od
e)

ge
ne
ra
te
d
a

m
ax
im

um
po
w
er

de
ns
ity

of
49
9
±

11
m
W
m

−2
an
d

44
7
±

15
m
W
m

−2
,

re
sp
ec
tiv

el
y

Q
ua
n
et
al
.

(2
01
8)

15
D
ua
l-
ch
am

be
r

M
FC

C
ar
bo
n
pa
pe
r

A
no
de

M
ag
ne
tic

na
no

pa
rt
ic
le

(M
N
P)

C
he
m
ic
al
ly

sy
nt
he
si
ze
d

M
ax
im

um
po
w
er

de
ns
ity

of
m
od
ifi
ed

an
od
e
4.
9
±

0.
5

W
m

−3

Sa
rm

a
et
al
.

(2
01
8)

16
H
-s
ha
pe
d
M
FC

St
ai
nl
es
s
st
ee
l(
SS

)
w
ir
e
di
sk

B
ot
h
an
od
e

an
d
ca
th
od
e

C
ar
bo
n
na
no
pa
rt
ic
le
s

(C
N
Ps
)
de
ri
ve
d
fr
om

ca
nd
le
so
ot

Si
m
pl
e
de
po

si
tio

n
in

la
bo
ra
to
ry

M
ax
im

um
po
w
er

de
ns
ity

of
m
od
ifi
ed

an
od
e
16
50

±
50

m
W
/m

2

Si
ng

h
et
al
.

(2
01
8)

17
D
ua
l-
ch
am

be
r

M
FC

C
ar
bo
n
cl
ot
h

A
no
de

B
io
ge
ni
c
go
ld

na
no

pa
rt
ic
le
s
(B
io
A
u)

an
d
na
no
hy
br
id
s
of

m
ul
ti-
w
al
le
d
ca
rb
on

na
no

tu
be
s
bl
en
de
d
w
ith

B
io
A
u

(B
io
A
u/
M
W
C
N
T
)

S.
on
ei
de
ns
is

M
R
-1

w
as

us
ed

as
th
e

ba
ct
er
ia
to

fo
rm

B
io
ge
ni
c
go
ld

na
no

pa
rt
ic
le
s
(B
io
A
u)

M
ax
im

um
po
w
er

de
ns
ity

of
B
io
A
u/
M
W
C
N
T

17
8.
34

±
4.
79

m
W
/m

2

W
u
et
al
.

(2
01
8)

(c
on
tin

ue
d)



178 A. Arkatkar et al.

Ta
bl
e
1

(c
on
tin

ue
d)

Sr
.

no
.

M
FC

de
si
gn

E
le
ct
ro
de

m
at
er
ia
l

M
od
ifi
ed

el
ec
tr
od

e
N
an
om

at
er
ia
lu

se
d

Sy
nt
he
si
s
pr
oc
es
s

Po
w
er

en
ha
nc
ed

R
ef
er
en
ce
s

18
D
ua
l-
ch
am

be
r

M
FC

C
ar
bo
n
cl
ot
h

A
no
de

M
nO

2
,P

d,
an
d
Fe

3
O
4

na
no

pa
rt
ic
le
s

Fe
3
O
4
an
d
M
nO

2
w
er
e
pr
ep
ar
ed

ch
em

ic
al
ly
.P

d
na
no

pa
rt
ic
le
s
w
er
e

pr
ep
ar
ed

us
in
g

Sh
ew

an
el
la

on
ei
de
ns
is

M
R
-1

as
th
e
re
du
ci
ng

ba
ct
er
ia

M
ax
im

um
po
w
er

de
ns
ity

of
Pd

,
M
nO

2
an
d
Fe

3
O
4

82
4
±

36
,7

82
±

37
an
d
72
8
±

33
m
W
m

−2
re
sp
ec
tiv

el
y

X
u
et
al
.

(2
01
8)

19
A
ir
-c
at
ho
de

cy
lin

dr
ic
al

M
FC

s

W
as
te
co
tto

n
te
xt
ile

s
A
no
de

M
ol
yb
de
nu
m

ca
rb
id
e

na
no

pa
rt
ic
le
s

C
he
m
ic
al
an
d
di
p

co
at
in
g
te
ch
ni
qu
e

po
w
er

de
ns
ity

of
1.
12

W
/m

2
Z
en
g
et
al
.

(2
01
8a
,b

)

20
Si
ng
le
-c
ha
m
be
r

M
FC

C
ar
bo

n
Fe

lt
A
no
de

po
ly
do
pa
m
in
e-
m
od
ifi
ed

M
ol
yb
de
nu
m

ca
rb
id
e

M
o 2
C
/M

oO
2

na
no

pa
rt
ic
le
s

(H
D
-M

o 2
C
/M

oO
2
)

C
ar
bo
n
th
er
m
al

re
du
ct
io
n

M
ax
im

um
po
w
er

de
ns
ity

of
H
D
-M

o 2
C
/M

oO
2

1.
64

±
0.
09

W
/m

2

Z
en
g
et
al
.

(2
01
8a
,b

)

21
D
ua
l-
ch
am

be
r

M
FC

G
ra
ph
en
e

A
no
de

M
ol
yb
de
nu
m

ca
rb
id
e

hy
br
id
iz
ed

gr
ap
he
ne

na
no
co
m
po
si
te

Fa
ci
le
so
ft

te
m
pl
at
e-
as
si
st
ed

as
se
m
bl
y
an
d

ca
lc
in
at
io
n
pr
oc
ed
ur
e

M
ax
im

um
po
w
er

de
ns
ity

of
m
od
ifi
ed

an
od
e

16
97

m
W
m

−2

Z
ou

et
al
.

(2
01
9)

22
Si
ng
le
ch
am

be
r,

cu
bi
c-
sh
ap
ed

M
FC

C
ar
bo
n
fib

er
s
br
us
h

A
no
de

V
er
tic

al
ca
rb
on

na
no
tu
be
s/
po
ly
py
rr
ol
e

co
m
po

si
te
s

C
ar
bo
n
na
no
tu
be
s
ar
e

ve
rt
ic
al
ly

gr
ow

n
on

th
e
ca
rb
on

fib
er
s
by

th
e
ch
em

ic
al
va
po
r

de
po
si
tio

n
m
et
ho
d

M
ax
im

um
po
w
er

de
ns
ity

of
m
od
ifi
ed

an
od
e

87
6.
62

m
W
m

−2

Z
ha
o
et
al
.

(2
01
9)

(c
on
tin

ue
d)



Conjugation of Nanomaterials and Bioanodes for Energy … 179

Ta
bl
e
1

(c
on
tin

ue
d)

Sr
.

no
.

M
FC

de
si
gn

E
le
ct
ro
de

m
at
er
ia
l

M
od
ifi
ed

el
ec
tr
od

e
N
an
om

at
er
ia
lu

se
d

Sy
nt
he
si
s
pr
oc
es
s

Po
w
er

en
ha
nc
ed

R
ef
er
en
ce
s

23
D
ua
l-
ch
am

be
r

M
FC

C
ar
bo
n
pa
pe
r

A
no
de

C
op
pe
r
do
pe
d
Ir
on

ox
id
e
na
no
pa
rt
ic
le
s

(C
u-
do
pe
d
Fe
O
)

N
an
op

ar
tc
le
s

sy
nt
he
si
ze
d
us
in
g

ph
yt
o-
co
m
po
un
ds

of
A
.b
li
tu
m

pl
an
t.

C
oa
te
d
by

si
m
pl
e

br
us
h
co
at
in
g
m
et
ho
d

M
ax
im

um
po
w
er

de
ns
ity

of
co
at
ed

an
od
e
16
1.
5

m
W
/m

2

Se
ka
r
et
al
.

(2
01
9)

24
D
ua
l-
ch
am

be
r

M
FC

C
ar
bo
n
pa
pe
r

A
no
de

Ir
on

do
pe
d
Z
in
c
ox
id
e

(F
e-
Z
nO

)
na
no
pa
rt
ic
le
s

N
an
op

ar
tc
le
s

sy
nt
he
si
ze
d
us
in
g
A
.

In
di
ca

le
af

ex
tr
ac
t.

C
oa
te
d
by

si
m
pl
e

br
us
h
co
at
in
g
m
et
ho
d

M
ax
im

um
po
w
er

de
ns
ity

of
co
at
ed

an
od
e
13
4.
7

m
W
/m

2

M
ut
hu
ku
m
ar

et
al
.(
20
19
)



180 A. Arkatkar et al.

of nanoparticles to be applicable in MFC. These metals are chosen due to the ability
of these metal oxides to accept electrons.

The metal oxide nanomaterials are generally mixed with polymer-like polyte-
trafluoroethylene (PTFE), (Rajesh et al. 2018) NAFION (mostly in case of air-
cathode) (Yan et al. 2013), etc. to provide a holding matrix for nanoparticles and
facilitating the growth of microbe. The coating of the composite on anode is done by
various methods like chemical vapor deposition, dip coating, simple brush coating,
doping, etc. out of which the latest method is electrodeposition where an external
voltage is applied to the solution which affects the polarity of the desired electrode
and leads to the deposition of oxide on the electrode.

The synthesis of nanoparticles is done chemically under high-temperature condi-
tions. Few scientists are also exploring the green synthesis pathway of nanoparticles
where themicroorganism, S. oneidensisMR-1 is used as reducing bacteria which can
synthesis the nanoparticles of palladium Pd by reducing Pd 2+ to Pd0 on its cell walls
and in its periplasmic spaces (Quan et al. 2018; Wu et al. 2018). The plant extract of
A.blitum (Sekar et al. 2019) and A. Indica (Muthukumar et al. 2019) are also been
used as reducing agents of the synthesis of nanoparticles. As depicted in Table 1 all
the anode materials from graphite to carbon felt support the coating of nanoparticles.
The table also summarizes that use of nanoparticles is not subjected to any specific
design of MFC; it is used in both dual-chambered as well as single-chambered MFC
design.

The primitive goal of power enhancement is achievedwith the coating of nanopar-
ticles but the second parameter of wastewater treatment is also not a neglected aspect.
The researchers have achieved treatment of pharmaceutical, (Xu et al. 2018) dairy
(Sekar et al. 2019) as well as domestic wastewater (Mohamed et al. 2018a, b) using
these nanoparticles coated bioanodes. Thus, this approach is promising for both
fronts.

6 Future Prospects

Most of the power enhancement has been achieved and studied in laboratory scale
reactors. The research in this field has yet to be applied in field. In one such study
of benthic microbial fuel cell (BMFC) coating of cerium (Ce) nanoparticles was
applied which resulted in the enhancement of power density (Pushkar et al. 2018).
The need to apply the nanoparticles directly in field condition may face challenges
like loss of nanoparticles in the environment, durability and stability of coating, and
biocompatibility of these particles. The synthesis of nanoparticles through green
pathway is also under consideration. The potential of nanoparticles for the MFC
reactors can fix the minimum use of materials, good growth of biofilm, and better
surface area for electron reception.
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7 Conclusion

The application of nanoparticles in the field of microbial fuel cell technology (MFC)
is a recent approach in its preliminary phase. The application of nanoparticles on an
electrode surface changes with respect to the chosen metal and microbe. Optimiza-
tion of this metal-microbe combination will be a crucial aspect of this research. This
sector can be divided under major areas like synthesis, deposition, its effect, and
sustainability. The synthesis of metal oxide and their nanoparticles through green
synthesis pathways holds its importance under both financial as well as environ-
mental prospective. The deposition technique affects the sustainability of this dual
technology. The effect of this technology needs an in-depth understanding regard-
ing microbe-nanoparticle interactions. The laboratory-based research has opened a
new avenue for the researches to club these two technologies and develop a hybrid
technology which can be economically viable for field use.
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J. Prakash, M. Gnaneswara Reddy, D. Tripathi and Abhishek Kumar Tiwari

Abstract Thermal enhancement in non-Newtonian nanofluids is a challenge which
can be observed in energy systems. Recent developments in biomimetics identi-
fied that deformable conduit structure is beneficial for sustainable energy systems.
Such recent developments in energy systems motivated the present study to discuss
the mathematical modeling of electro-osmotic flow of non-Newtonian nanofluids
through a microchannel in the presence of Joule heating and peristalsis. The model
presented in this chapter assumes that the movement of the fluids can be controlled
by electro-osmotic force generated as a result of an external electric field. A pseudo-
plastic fluid model is assumed as appropriate to compute the non-Newtonian effects.
Nonlinear formulation present in the model is simplified with the help of lubrication
theory and Hückel–Debye approximations. Modeled governing equations are solved
to determine the flow, temperature, and electric potential fields. The flow behavior
and thermal characteristics are simulated as a function of physical parameters. The
results are represented graphically and correlated using physical phenomena. The
significant features of pumping and trapping are also briefly addressed. The for-
mulation of the model presented in this chapter can be useful in the experimental
designs of smart nano-electro-peristaltic pumps, in addition, it can also be extended
to nanotechnological applications, smart drug delivery systems, and various transport
phenomena of environmental systems.
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Nomenclature

(a1, a2) dimensional (wave) amplitude of the left and right walls
(a, b) dimensionless amplitude of the left and right walls
(Bh1, Bh2) heat transfer Biot numbers at left and right walls
Br local nanoparticle Grashof number
c wave speed
c′ volumetric volume expansion coefficient
C nanoparticle concentration,
C0,C1 nanoparticle concentration at the left and right walls, respectively
DB Brownian diffusion coefficient and
DT themophoretic diffusion coefficient
d dimensionless width of the channel
d
/
dt material time derivative,

(d1 + d2) dimensional width of the left and right walls
e fundamental charge
Ex applied electrical field
F dimensionless mean flows
f body force
Gr local temperature Grashof number
H1, H2 left and right wall boundaries of the micro-asymmetric channel
I identity tensor
kB Boltzmann constant
k ′ mean absorption coefficient
Nt thermophoresis parameter
Nb Brownian motion parameter
n0 bulk concentration (number density)
Pr Prandtl number
(p, P) pressures in wave and fixed frame of references
Q0 heat source/sink parameter
Q dimensional volume flow rate in laboratory frame
R Reynolds number
Rn thermal radiation
S extra stress tensor
S∇ upper-convected derivative
t dimensional time
T0, T1 temperature at the left and right walls, respectively
T nanoparticle temperature,
Tn absolute temperature
Tm fluid mean temperature
(U, V ) velocity components in the wave frame (X, Y )

(u, v) velocity components in the (x, y)-directions
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Uhs Helmholtz–Smoluchowski velocity
V velocity vector
z valence of ions

Greek Symbols

φ phase difference
κ thermal conductivity
ϒ Cauchy stress tensor
μ dynamic viscosity
λ1 and μ1 relaxation times
�̄ electric potential
ε dielectric permittivity of the medium
κ Debye length
ρ f density of the nanofluid
g acceleration due to gravity
βt thermal expansion coefficient
ρp density of the nanoparticle
σ ′ Stefan–Boltzmann constant
δ wave number
β Joule heating parameter
ξ pseuoplastic fluid parameter
 dimensionless time average flux
σ dimensionless rescaled nanoparticle volume fraction
θ dimensionless temperature
ψ stream function

Recent trends in engineering design strongly gravitated toward energy-inspired
designs. Energy systems have perfected many intricate mechanisms which can be
applied to upgrade conventional engineering systems to a new level of performance
and endurance. Nanofluids have been proven useful in this context.

1 Nanofluid Mechanics in Energy Management

Nanofluidmechanics is one of themodernmechanics of the energy systemswhere the
thermal conductivity of the base fluids can easily be enhanced by using the nanopar-
ticles. Nanofluids are the moderately new category of fluids in which nano-sized
particles (1–100 nm) are suspended in the base fluid (like water, oil, ethylene-glycol,
etc.). These particles can be found in the metals such as (Al, Cu), oxides (Al2O2),
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carbides (SiC), nitrides (SiN), or nonmetals (graphite, carbon nanotubes, nanofibers,
nanosheets, droplets). The resulting suspension achieves improved thermal conduc-
tivity andmodified viscosity properties. The surface area per unit volume of nanopar-
ticles is much larger (millions of times) than that of conventional microparticles. The
number of surface atoms per unit of interior atoms of nanoparticles is very large.
These characteristics can be exploited in many complex systems including medical
engineering, energy engineering, and materials processing. Nanofluids have infil-
trated into many areas of energy and also biomedical technology as they may be
manipulated to yield more biologically friendly, sustainable, and durable products.
The word “nanofluid” was given by Choi and Eastman (1995). He analyzed that
nanofluids reduced pumping power as compared to pure liquid to reach equivalent
heat transfer amplification and particle clogging as compared to conventional slur-
ries, consequently promoting system miniaturization. Khanafer and Vafai (2018)
presented a lucid summary of solar nanofluid device applications, emphasizing that
efficiency of any solar thermal system is dictated by thermophysical properties (vis-
cosity, density, thermal conductivity, and specific heat) of the operating fluid and
the geometric characteristics. Critical features of nanofluids for improving solar
collector and pump efficiency are types of the nanoparticles (metallic-based work
best e.g., copper, silver, and titanium), nanoparticles volumetric concentration in the
base fluid, and the nanofluid viscosity and conductivity. The inclusion of copper
nanoparticles considerably elevates the heat gain capacity of a solar pump. Carbon
nanotube nanofluids not only improve the efficiency of solar collectors but have the
added advantage of decreasing CO2 emissions. It should also be noted that there
are a diverse range of mathematical models available for simulating nanofluid trans-
port phenomena which have also been addressed in Khanafer and Vafai (2018).
These include two-component model (Buongiorno 2006) which emphasizes ther-
mophoretic forces and Brownian motion dynamics as the key contributors to ther-
mal conductivity enhancement. The other popular model is of Tiwari and Das (2007)
which simulates the nanoscale effect based on volume fraction (concentration) of the
nanoparticles.

A smart pumping technology is being used in transporting the fluids in small and
large scale. This technology is very popular nowadays for pumping the fluidswith low
energy loss and without any contamination. This mechanismwas observed in natural
physiological systems and it is largely implemented in the industry for pumping
process. One of the applications of nanofluid mechanics is also in drug delivery
system (Tripathi and Bég 2014). The thermal radiation effects on peristaltic pumping
of nanofluids are also examined by Kothandapani and Prakash (2015a, b). They have
discussed the applicability of their models to solar energy systems. In transport
phenomena, thermal and velocity slip effects play an important role and considering
the importance of slip effects. This model is also reported by Akbar et al. (2016).
Another model for the drug delivery system to see the effects of thermophoresis and
Brownianmotion effects is developed byGhasemi (2017).Most recently, some novel
mathematical models (Mekheimer et al. 2018; Mosayebidorcheh and Hatami 2018a,
b; Prakash et al. 2019) for peristaltic pumping of nanofluids evolved to analyze the



A Model for Electro-osmotic Flow of Pseudoplastic Nanofluids … 189

flow characteristics and thermal characteristics under the influences of various flow
geometries, various fluid models, and various physical constraints.

2 Magnetohydrodynamic (MHD) Regulation of Fluid
Motion

Magnetohydrodynamics (MHD) is a well-known mechanism to explore the effect
of magnetic field on fluid flow behavior. MHD analysis explained that fluid velocity
reduces with an increase in the magnitude of magnetic field (Hartmann number).
Similarly, electrohydrodynamics (EHD) is another mechanism which explains that
how external electric field controls the fluid velocity and the direction of fluid flow.
Electroosmosis (electrohydrodynamics) which is an intricate phenomena of EHD
is defined as the bulk displacement of the liquid analogues to a stationary surface
contingent on the applied external electric field. This mechanism has wide range
of applications in design and development of microfluidics devices with application
to energy systems and biomedical technologies. The electroosmosis phenomenon
as a charged induced flow, experimentally studied in porous clay was investigated
by Reuss (1809). Later on, a mathematical theory for the electro-osmotic flow was
presented by Wiedemann (1852). An experimental study on electro-osmotic flow
in rectangular microchannel is reported by Sadr et al. (2004). It is concluded that
the electroosmosis mechanism has a curial role in the regulation of fluid flow in the
microfluidic channel. The influence of pressure on the axial velocity over the electro-
osmotic flows has theoretically been analyzed by Santiago (2001). The electrical
double layer effects on liquid flow via a rectangular microchannel have been studied
by Yang and Li (1998). The rheological parameter effects on electrokinetic flow are
computed byDas andChakraborty (2006) in the presence of capillarymotion through
rectangular microchannel. Recently, some mathematical models (Bandyopadhyay
andChakraborty 2018; Ganguly et al. 2015; Shehzad et al. 2018; Zhao and Jian 2018;
Zhao et al. 2016, 2019) on electro-osmotic flow of nanofluids in microchannel and
capillary have been presented to investigate how electric field control the pressure-
driven flow and heat transfer phenomenon.

3 Models of Electroosmosis-Driven Peristaltic Fluid Motion

The presence of electro-osmoticmechanismwith peristaltic pumping develops a new
domain in the area of nanofluid dynamics. The combined mechanism may be useful
for bioinspired-micro-peristaltic pumps. Chakraborty (2006) established a mathe-
matical model on peristaltic pumping in presence of thin electric double layer (EDL)
where it is concluded that the combination of electrokinetic body force and pressure-
driven force due to peristaltic pumping can significantly improve the time-averaged
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flow rate. Thereafter, Bandopadhyay et al. (2016) improved the Chakraborty’s model
for thick EDL and unsteady peristaltic flow in the presence of electroosmosis. The
authors explained the effects of EDL thickness and Helmholtz–Smoluchowski (HS)
velocity on pumping characteristics and trapping phenomenon. The pumping mech-
anism can be smoothly controlled using the electroosmosis mechanism. In this direc-
tion, many more mathematical models (Goswami et al. 2016; Shit et al. 2016; Tri-
pathi et al. 2017a, b) have been reported to investigate the effects of non-Newtonian
parameters on the electroosmotically induced peristaltic pumping through capil-
lary/microchannel. Furthermore, the effect of heat transfer analysis to understand
the applications in bioenergy systems and bionanofluid dynamics, some mathemati-
cal models (Bhatti et al. 2017; Guo and Qi 2017; Prakash et al. 2018a, b; Ranjit and
Shit 2017; Tripathi et al. 2018) are added in literature to analyze the thermal radi-
ation effects, Joule heating, buoyancy effects, and entropy generation on peristaltic
pumping in presence of electric field.

A depth literature review on the electroosmosis modulated peristaltic pumping
enabled us to identify that there is hardly any modeling method on the pseudoplastic
nanofluids flow in presence of electroosmosis. Motivated from the huge applications
of nanofluid dynamics with electroosmosis and peristaltic pumping mechanisms in
bioenergy systems and biotechnologies, this chapter attempts to give an idea on
the development of a mathematical model to investigate the effects of Joule heat-
ing parameter and EDL thickness on flow characteristics, pumping characteristics,
thermal characteristics, and trapping. The flow geometry is considered as a verti-
cal asymmetric microchannel which is assumed to be a complex flow geometry.
Assumptions such as Debye–Hückel linearization, low Reynolds number, and large
wavelength are considered in the model. Numerical simulation of the model is using
MATHEMATICA 9 symbolic software. The numerical results are also validated with
the existing analytical results. The findings of this chapter may be extended to design
the bioinspired-smart micro pumps for bioheat transfer and energy transport systems.
The model may also be further developed as a benchmark to work experimentally in
the field of microfluidics device design and development.

4 Mathematical Formulation of the Problem

4.1 Problem Definition

A two-dimensional peristaltic motion of pseudoplastic nanofluid subject to heat flux
through amicrofluidic channelwith thickness (d1 + d2) is considered. Themovement
is caused by the flow of the sinusoidal peristaltic motion with constant speed c along
with different amplitudes and phase of the microfluidic asymmetric channel walls.
We prefer a rectangular coordinate system for the microfluidic vessel with x along
the centerline in the direction of wave propagation and y is taken normal to it. The
potential electric field is enforced along the microfluidic asymmetric channel, which
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Fig. 1 The two-dimensional
peristaltic motion of
pseudoplastic nanofluid
through a microfluidic
asymmetric channel

induces thedriving force for the electro-osmoticmotion.Thegeometryof theproblem
is sketched in Fig. 1. The geometry of the wall surface is represented by the following
equation:

H2(x, t) = d2 + a2 cos
2

(
π(x − ct)

λ

)
, (1a)

H1(x, t) = −d1 − a1 cos
2

(
π(x − ct)

λ
+ φ

)
. (1b)

In the above expression d1 + d2, a1, a2, t, φ are the width of the vessel, wave
amplitude of left and right walls, respectively, time and phase difference.

4.2 Governing Equations

The continuity,momentum, temperature, nanoparticle volume fraction, andmagnetic
force function for an incompressible pseudoplastic nanofluid are given as follows:

∇ · V = 0 , (2)
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ρ
dV

dt
= div ϒ + f + ρeEx , (3)

(c′ρ) f
dT

dt
= αm∇2T + (c′ρ)p

[
DB∇C · ∇T + DT

Tm
∇T · ∇T

]
− ∇qr , (4)

dC

dt ′
= DB∇2C + DT

Tm
∇2T, (5)

in which V is the velocity vector, d
/
dt represents the material time derivative, f is

the body force, c′ is the volumetric volume expansion coefficient, Ex is the applied
electrical field, αm is the thermal conductivity, ρp is the density of the nanoparticle, p
is the pressure, Tm is the fluid mean temperature, T is the nanoparticle temperature,
C is the nanoparticle concentration, DB is the Brownian diffusion coefficient and
DT is the themophoretic diffusion coefficient.

The expression of Cauchy stress tensor ϒ is adapted from (Noreen et al. 2012)

ϒ = −pI + S, (6)

S + λ1S
∇ + 1

2
(λ1 − μ1)(A1S + SA1) = μA1, (7)

S∇ = dS

dt
− SLT − L S, (8)

L = grad V, (9)

ρe = −ε ∇2�̄ (10)

in which p, I, S, S∇, μ, λ1, μ1,�̄, ε, respectively, denote the pressure, the identity
tensor, the extra stress tensor, the upper-convected derivative, the dynamic viscosity,
the relaxation times, the electric potential, and dielectric permittivity of the medium.

The electric charge density follows the Boltzmann distribution which is yielded
by

ρe = −2n0ez sinh

(
ez�̄

kBTn

)
, (11)

where n0, e, z, kB , and Tn represent the bulk concentration (number density), elemen-
tary charge valence, valence of ions, Boltzmann constant, and absolute temperature.
Using Debye–Hückel linearization, the Poisson–Boltzmann equation can reduce to

∇2�̄ = κ2�̄, (12)
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where κ = d2ez
√

2n0
ε kBT

represents the ratio of the characteristic transverse length to

the Debye length; this indicates the penetration of the zeta potential at the surface
into the bulk fluid.

For the problem under consideration, the velocity is defined as

V = [u(x, y, t), v(x, y, t), 0] (13)

To simplify the analysis, we lead the following changes in the position between
fixed and wave frames

X = x − ct, Y = y, P(X,Y ) = p(x, y, t), U = u − c and V = v. (14)

In the presence of electric field, thermal radiation and Joule heating, the equation
for the mass and momentum conservation for pseudoplastic nanofluid Eqs. (2)–(10)
are written in terms of the leading transformation yield as follows:

∂U

∂X
+ ∂V

∂Y
= 0, (15)

ρ f

(
U

∂U

∂X
+ V

∂V

∂Y

)
= −∂P

∂X
+ ∂SXX

∂X
+ ∂SXY

∂Y
+ ρeEx

+ (1 − C0)ρ f gβt(T − T0) − (
ρp − ρ f

)
g(C − C0), (16)

ρ f

(
U

∂V

∂X
+ V

∂V

∂Y

)
= −∂P

∂Y
+ ∂SXY

∂X
+ ∂SYY

∂Y
, (17)

(
ρc′)

f

(
U

∂T

∂X
+ V

∂T

∂Y

)
= αm

[
∂2T

∂X2 + ∂2T

∂Y 2

]
− ∂qr

∂Y
+ (

ρc′)
pDB

[
∂C

∂X

∂T

∂X
+ ∂C

∂Y

∂T

∂Y

]

+
(
ρc′)

pDT

Tm

[(
∂T

∂X

)2

+
(

∂T

∂Y

)2
]

+ Q0(T − T0), (18)

U
∂C

∂X
+ V

∂C

∂Y
= DB

[
∂2C

∂X2
+ ∂2C

∂Y 2

]
+ DT

Tm

[
∂2T

∂X2
+ ∂2T

∂Y 2

]
, (19)

in which

2μ
∂U

∂X
= SXX + λ1

[
U

∂SXX

∂X
+ V

∂SXX

∂Y
− 2

∂U

∂X
SXX − 2

∂U

∂Y
SXY

]

+ 1

2
(λ1 − μ1)

[
4SXX

∂U

∂X
+ 2SXY

(
∂U

∂Y
+ ∂V

∂X

)]
,

2μ
∂V

∂Y
= SYY + λ1

[
U

∂SYY
∂X

+ v
∂SYY
∂Y

− 2
∂V

∂Y
SYY − 2

∂V

∂X
SXY

]

+ 1

2
(λ1 − μ1)

[
4SYY

∂V

∂Y
+ 2SXY

(
∂U

∂Y
+ ∂V

∂X

)]
,
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μ

[
∂U

∂Y
+ ∂V

∂X

]
= SXY + λ1

[
U

∂SXY
∂X

+ V
∂SXY
∂Y

+ ∂V

∂X
SXX − ∂U

∂Y
SYY

]

+ 1

2
(λ1 − μ1)

[
(SXX + SYY )

(
∂U

∂Y
+ ∂V

∂X

)]
,

whereU and V are velocity components along X - and Y -directions, respectively, ρ f

is the density of the nanofluid, P is the pressure of the nanofluid, g is acceleration
due to gravity, βt is the thermal expansion coefficient and Q0 is the heat source/sink
parameter. The radiative heat flux in the X -direction is considered negligible as
compared to Y -direction. Hence, by using Rossel and approximation for thermal
radiation, the radiative heat flux qr is given as follows:

qr = −4σ ′

3k ′
∂T 4

∂Y
, (20)

where σ ′ and k ′ are the Stefan–Boltzmann constant and the mean absorption coef-
ficient, respectively. We assume that the temperature difference within the flow is
sufficiently small such that the term T 4 in a Taylor series about a free stream tem-
perature T0 and neglecting higher order terms in the first order in (T − T0), we
obtain

qr = −16σ ′T 3
0

3k ′
∂T

∂Y
, (21)

4.3 Nondimensional Analysis

The dimensionless variables are introduced as

x̄ = X

λ
, ȳ = Y

d2
, ū = U

c
, v̄ = V

c
, h1 = H1

d2
, h2 = H2

d2
, p̄ = d22 P

cλμ
, θ = T − T0

T1 − T0
, ξ

(
= μ2

1 − λ21

)
,

σ = C − C0

C1 − C0
, a = a1

d2
, b = b1

d2
, d = d1

d2
, δ = d2

λ
, R = ρ f cd2

μ
, β = Q̄0d

2
2

(T1 − T0)μcp
,

Gr =
(1 − C0)ρ

2
f gβt d

3
2 (T1 − T0)

μ2 , Br =
(
ρ f − ρp

)
ρ f gd

3
2 (C1 − C0)

μ2 , Pr =
μc′f
αm

, � = �̄

ξ̂
,

Rn = 16σ ′T 3
0

3k′μc′f
, Nb =

(
ρc′

)
f DB (C1 − C0)

αm
, Nt =

(
ρc′

)
pDT (T1 − T0)

Tmαm
,Uhs = − Ex εξ̂

μ c
. (22)

The continuity Eq. (15) is identically satisfied by using the stream function u =
∂ψ

∂y , v = −δ
∂ψ

∂x (dropping the bars) and then Eqs. (15–19) yield:
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Rδ

[
∂ψ

∂y

∂2ψ

∂x∂y
− ∂ψ

∂x

∂2ψ

∂y2

]
= − ∂p

∂x
+ δ

∂Sxx
∂x

+ ∂Sxy
∂y

+Uhs

(
δ2

∂2�

∂x2
+ ∂2�

∂y2

)
+ Grθ + Brσ,

(23)

−Rδ3

[
∂2ψ

∂t∂x
+ ∂ψ

∂y

∂2ψ

∂x2
− ∂ψ

∂x

∂2ψ

∂y∂x

]

= − ∂p

∂y
+ δ2

∂Sxy
∂x

+ δ
∂Syy
∂y

, (24)

Rδ

[
∂ψ

∂y

∂θ

∂x
− ∂ψ

∂x

∂θ

∂y

]
= 1

Pr

[
δ2

∂2θ

∂x2
+ ∂2θ

∂y2

]
+ Rn

∂2θ

∂y2

+ Nb

[
δ2

∂σ

∂x

∂θ

∂x
+ ∂σ

∂y

∂θ

∂y

]

+ Nt

[

δ2
(

∂θ

∂x

)2

+
(

∂θ

∂y

)2
]

+ βθ, (25)

R δ

[
∂ψ

∂y

∂σ

∂x
− ∂ψ

∂x

∂σ

∂y

]
=

[
δ2

∂2σ

∂x2
+ ∂2σ

∂y2

]
+ Nt

Nb

[
δ2

∂2θ

∂x2
+ ∂2θ

∂y2

]
, (26)

in which

2δ
∂2ψ

∂x∂y
= Sxx + λ1

[
δ
∂ψ

∂y

∂Sxx
∂x

+ δ
∂ψ

∂x

∂Sxx
∂y

− 2δ
∂2ψ

∂x∂y
Sxx − 2

∂2ψ

∂y2
Sxy

]

+ 1

2
(λ1 − μ1)

[
4δSxx

∂2ψ

∂x∂y
+ 2Sxy

(
∂2ψ

∂y2
− δ2

∂2ψ

∂x2

)]
, (27)

−2δ
∂2ψ

∂y∂x
= Syy + λ1δ

[
∂ψ

∂y

∂Syy
∂x

− ∂ψ

∂x

∂Syy
∂y

+ 2
∂2ψ

∂y∂x
Syy + 2δ

∂2ψ

∂x2
Sxy

]

+1

2
(λ1 − μ1)

[
−4δSyy

∂2ψ

∂y∂x
+ 2Sxy

(
∂2ψ

∂y2
− δ2

∂2ψ

∂x2

)]
, (28)

∂2ψ

∂y2
− δ2

∂2ψ

∂x2
= Sxy + λ1

[
δ
∂ψ

∂y

∂Sxy
∂x

− δ
∂ψ

∂x

∂Sxy
∂y

+ δ2
∂2ψ

∂x2
Sxx − ∂2ψ

∂y2
Syy

]

+ 1

2
(λ1 − μ1)

(
Sxx + Syy

)(∂2ψ

∂y2
− δ2

∂2ψ

∂x2

)
, (29)

where δ, R,Uhs, Gr, Br, Pr, Rn, Nt, Nb, β, and ξ are the wave number, Reynolds
number, Helmholtz–Smoluchowski velocity, local temperature Grashof number,
local nanoparticle Grashof number, Prandtl number, thermal radiation, thermophore-
sis parameter, Brownian motion parameter, Joule heating parameter, pseuoplastic
fluid parameter, and continuity equation is automatically satisfied.

Under the assumptions of long wavelength and low-Reynolds number and
neglecting the terms of order δ and higher, Eqs. (23–29) become

∂p

∂x
= ∂Sxy

∂y
+Uhs

∂2�

∂y2
+ Grθ + Brσ, (30)
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∂p

∂y
= 0 , (31)

(
1

Pr
+ Rn

)
∂2θ

∂y2
+ Nb

∂σ

∂y

∂θ

∂y
+ Nt

(
∂θ

∂y

)2

+ βθ = 0, (32)

∂2σ

∂y2
+ Nt

Nb

∂2θ

∂y2
= 0, (33)

in which

Sxx = (λ1 + μ1)
∂2ψ

∂y2
Sxy, Syy = (−λ1 + μ1)

∂2ψ

∂y2
Sxy,

Sxy = ∂2ψ

∂y2

(

1 + ξ

(
∂2ψ

∂y2

)2
)−1

, (34)

Employing Eqs. (30) and (34), we have

∂p

∂x
= ∂3ψ

∂y3
− ξ

∂

∂y

[(
∂2ψ

∂y2

)3
]

+Uhs
∂2�

∂y2
+ Grθ + Brσ, (35)

Equations (35) and (31) yield,

∂4ψ

∂y4
− ξ

∂2

∂y2

[(
∂2ψ

∂y2

)3
]

+Uhs
∂3�

∂y3
+ Gr

∂θ

∂y
+ Br

∂σ

∂y
= 0. (36)

Employing Debye–Hückel linearization the nondimensional Poisson-Boltzmann
equation can also be deduced in Eq. (13) as follows:

∂2�

∂η2
= κ2�. (37)

The instantaneous volume flow rate in the fixed frame is given by

Q(X, t) =
H2(X,t)∫

H1(X,t)

U (X,Y, t)dY . (38)

The above expression in wave frame becomes,

F(x) =
h2(x)∫

h1(x)

u (x, y)dy . (39)
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The coordinates and velocities in the two frames (laboratory and wave frames)
are correlated as follows:

X = x − ct, Y = y, U = u − c and V = v. (40)

From Eqs. (38–40), we get

Q = F + h2 − h1. (41)

The time-averaged flow rate (Θ =
1∫

0
Q(X, t)dt) can be expressed as follows:

Θ = F + 1 + d +
(
a + b

2

)
. (42)

The nondimensional boundary conditions (convective boundary conditions) are
employed as (Kothandapani and Prakash 2016):

ψ = F

2
,
∂ψ

∂y
= −1,

∂θ

∂y
= Bh2(1 − θ), σ = 1 and� = 1 at y = h2, (43a)

ψ = − F

2
,
∂ψ

∂y
= −1,

∂θ

∂y
= Bh1 θ, σ = 0 and� = 0 at y = h1. (43b)

where Bh1 and Bh2 are Biot numbers at left and right walls, respectively.

5 Numerical Simulation and Physical Interpretation

In this chapter, the electro-osmotic flow of pseudoplastic nanofluids through an
asymmetric microchannel is modeled under the influence of Joule heating and peri-
staltic pumping mechanisms. This enables us to find out the numerical calculations
for various physical parameters such as velocity field, temperature field, nanopar-
ticle concentration, and streamlines across the microfluidic asymmetric channel.
NDsolve function built-in command of MATHEMATICA-9 is employed to simulate
the results. The significant physical behavior of the pertinent parameters on the flow
characteristics, thermal characteristics, nanoparticle volume fraction, and stream-
lines are clearly represented in the graphs. The present numerical results have very
good agreement with the analytical results obtained by Bandopadhyay et al. (2016)
which is a special case of the present model for ξ = 0, d = 1, a = b, Br = 0,
Gr = 0.
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5.1 Electro-osmostic Flow Characteristics

To analyze the electro-osmotic flow characteristics under the effects of various phys-
ical parameters such as Debye–Hückel parameter (κ), Helmholtz–Smoluchowski
velocity (Uhs), thermal Grashof number (Gr ), and Species Grashof number (Br ),
Figs. 2, 3, 4, and 5 are plotted between the axial velocity field transverse displacement.
The impact of electro-osmotic parameter κ (Debye–Hückel parameter) on the veloc-
ity profile is scrutinized in Fig. 2. There is a progressive boost and reduction in axial
velocity flow near the lower wall and the upper wall with increasing electro-osmotic
parameter.

The impact ofHelmholtz–Smoluchowski velocity (i.e.,maximumelectro-osmotic
velocity) on dimensionless velocity function is manifested in Fig. 3. The behavior
of the axial velocity function is similar or that of Debye–Hückel parameter. Since
the electro-osmotic velocity enhances, the characteristic wave velocity diminishes
which accelerates the axial velocity at the core part of the channel.

Figure 4 demonstrates the evolution in dimensionless axial velocity for different
values of grashof number (Gr ). It perceived that the axial velocity accelerates near
the upper wall and diminishes near the lower wall with the strengthening of Gr .

The response in the axial velocity field to the variation in nanoparticle Grashof
number (Br ) through the asymmetric channel is exhibited in Fig. 5. It is explored
that the fluid velocity function dwindles with enhancing values of Br near the lower
wall and it reverses at the other side of the channel. It is important to notice that

Fig. 2 Effect of κ on velocity with a = 0.3, b = 0.5, d = 1, φ = π/3, Θ = 2, ξ = 0.01,
Uhs = 1, Gr = 2, Br = 2, Pr = 0.7, Nb = 0.2, Nt = 0.2, Rn = 1, Bh1 = 0.4, Bh2 = 2, and
β = 0.2
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Fig. 3 Effect of Uhs on velocity with a = 0.3, b = 0.5, d = 1, φ = π/3, Θ = 2, ξ = 0.01,
κ = 1, Gr = 2, Br = 2, Pr = 0.7, Nb = 0.2, Nt = 0.2, Rn = 1, Bh1 = 0.4, Bh2 = 2, and
β = 0.2

Fig. 4 Effect of Gr on velocity a = 0.3, b = 0.5, d = 1, φ = π/3, Θ = 2, ξ = 0.01, Uhs = 1,
κ = 1, Br = 2, Pr = 0.7, Nb = 0.2,Nt = 0.2,Rn = 1, Bh1 = 0.4, Bh2 = 2, and β = 0.2

the impact of both thermal and nanoparticle Grashof numbers have alike behavior
throughout the microchannel.
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Fig. 5 Effect of Br on velocity with a = 0.3, b = 0.5, d = 1, φ = π/3, Θ = 2, ξ = 0.01,
Uhs = 1, κ = 1, Gr = 2, Pr = 0.7, Nb = 0.2, Nt = 0.2, Rn = 1, Bh1 = 0.4, Bh2 = 2, and
β = 0.2

5.2 Electrothermal Characteristics

To examine the electrothermal characteristics under the influences of the thermal
radiation parameter (Rn), Prandtl number (Pr), heat source parameter (β), Brow-
nian motion parameter (Nb), thermophoresis parameter (Nt) and Biot numbers
(Bh1, Bh2) along the asymmetric microchannels, Figs. 6, 7, 8, 9, 10, 11, and 12 are
illustrated between the dimensionless temperature and transverse (spanwise) coor-
dinate. It can be observed from Fig. 6 that there is substantial decrease in response
with boosting the radiation effects. It is clear that the mean absorption coefficient
increases for the escalating in the radiation which indicates that the less energy is
absorbed by the liquid. In addition, for the condition Rn = 0 in the analysis, we
acquired a special case of non-radiative nanofluid flow phenomena.

Figure 7 depicts that fluid temperature declines with increasing the values
of Prandtl number Pr. Figure 8 exhibits the impact of heat source parameter
β(β = 0.0, 0.5, 1.0, 1.5) on fluid temperature function along the channel. It is
observable that the liquid temperature field enhances with the magnification in the
heat source intensity. Also, the higher positive values of β give more energy as
compared to the lower intensity heat source.

Figures 9 and 10 indicate that the nanofluid temperature θ grows for higher Nb
and Nt . Thermophoresis and Brownianmotion transfer less energy to the walls of the
channel. Nanofluid temperature field within the liquid accelerates due to the random
movement of nano-liquid particles. It is also noted that the impact of Nb and Nt on
the energy distribution is alike behavior throughout the asymmetric microchannel.
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Fig. 6 Effect of Rn on temperature with a = 0.3, b = 0.5, d = 1, φ = π/3, Θ = 2, ξ = 0.01,
Uhs = 1, κ = 1, Gr = 2, Br = 2, Pr = 0.7, Nb = 0.2, Nt = 0.2, Bh1 = 0.4, Bh2 = 2, and
β = 0.2

Fig. 7 Effect of Pr on temperature with a = 0.3, b = 0.5, d = 1, φ = π/3, Θ = 2, ξ = 0.01,
Uhs = 1, κ = 1, Gr = 2, Br = 2, Nb = 0.2, Nt = 0.2, Rn = 1, Bh1 = 0.4, Bh2 = 2, and
β = 0.2
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Fig. 8 Effect of β on temperature with a = 0.3, b = 0.5, d = 1, φ = π/3, Θ = 2, ξ = 0.01,
Uhs = 1, κ = 1, Gr = 2, Br = 2, Pr = 0.7, Nb = 0.2, Nt = 0.2, Rn = 1, Bh1 = 0.4,
Bh2 = 2

Fig. 9 Effect of Nb on temperature with a = 0.3, b = 0.5, d = 1, φ = π/3, Θ = 2, ξ = 0.01,
Uhs = 1, κ = 1, Gr = 2, Br = 2, Pr = 0.7, Nt = 0.2, Rn = 1, Bh1 = 0.4, Bh2 = 2, and
β = 0.2
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Fig. 10 Effect of Nt on temperature with a = 0.3, b = 0.5, d = 1, φ = π/3, Θ = 2, ξ = 0.01,
Uhs = 1, κ = 1, Gr = 2, Br = 2, Pr = 0.7, Nb = 0.2, Rn = 1, Bh1 = 0.4, Bh2 = 2, and
β = 0.2

Fig. 11 Effect of Bh1 on temperature with a = 0.3, b = 0.5, d = 1, φ = π/3, Θ = 2, ξ = 0.01,
Uhs = 1, κ = 1, Gr = 2, Br = 2, Pr = 0.7, Nb = 0.2, Nt = 0.2, Rn = 1, Bh2 = 2, and
β = 0.2
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Fig. 12 Effect of Bh2 on temperature with a = 0.3, b = 0.5, d = 1, φ = π/3, Θ = 2, ξ = 0.01,
Uhs = 1, κ = 1, Gr = 2, Br = 2, Pr = 0.7, Nb = 0.2, Nt = 0.2, Rn = 1, Bh1 = 0.4 and
β = 0.2

Figures 11 and 12 show the response of temperature Biot numbers Bh1 and Bh2
on dimensionless nanofluid temperature. It is revealed that the temperature field
strongly depends on the Biot numbers Bh1 and Bh2.

5.3 Nanoparticle Concentration in Presence
of Electroosmosis

The evolution in dimensionless nanoparticle concentration function σ along the
asymmetric channel with relevant variations in Brownian motion and thermophore-
sis is manifested in Figs. 13 and 14 respectively. An active motion of nanoparticles
causes enhanced fluid density which repercussion in the enhancement of species
flux. Therefore, an enhancement in the nanoparticle concentration is observed. But
the opposite behavior is found for the thermophoresis parameter Nt with compared
to the thermophoresis parameter Nb.

5.4 Trapping Phenomenon in the Presence of Electroosmosis

The trapping phenomenon (nanofluid bolus dynamics) distribution to the impact for
the dimensionless flow variables (κ, Uhs, Gr, Br, ξ) are visualized in Figs. 15,
16, 17, 18, 19, 20, 21, 22, 23, and 24 respectively. Figures 15 and 16 simulate on
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Fig. 13 Effect of Nb on concentration with a = 0.3, b = 0.5, d = 1, φ = π/3, Θ = 2, ξ = 0.01,
Uhs = 1, κ = 1, Gr = 2, Br = 2, Pr = 0.7, Nt = 0.2, Rn = 1, Bh1 = 0.4, Bh2 = 2, and
β = 0.2

Fig. 14 Effect of Nt on concentration with a = 0.3, b = 0.5, d = 1, φ = π/3, Θ = 2, ξ = 0.01,
Uhs = 1, κ = 1, Gr = 2, Br = 2, Pr = 0.7, Nt = 0.2, Rn = 1, Bh1 = 0.4, Bh2 = 2, and
β = 0.2
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Fig. 15 Streamlines for κ → 0 with a = 0.3, b = 0.5, d = 1, φ = π/3, Θ = 2, ξ = 0.01,
Uhs = 1, Gr = 2, Br = 2, Pr = 0.7, Nb = 0.2, Nt = 0.2, Rn = 1, Bh1 = 0.4, Bh2 = 2, and
β = 0.2

Fig. 16 Streamlines for κ = 1 with a = 0.3, b = 0.5, d = 1, φ = π/3, Θ = 2, ξ = 0.01,
Uhs = 1, Gr = 2, Br = 2, Pr = 0.7, Nb = 0.2, Nt = 0.2, Rn = 1, Bh1 = 0.4, Bh2 = 2, and
β = 0.2
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Fig. 17 Streamlines for Uhs = −1 with a = 0.3, b = 0.5, d = 1, φ = π/3, Θ = 2, ξ = 0.01,
κ = 1, Gr = 2, Br = 2, Pr = 0.7, Nb = 0.2, Nt = 0.2, Rn = 1, Bh1 = 0.4, Bh2 = 2, and
β = 0.2

Fig. 18 Streamlines for Uhs = 1 with a = 0.3, b = 0.5, d = 1, φ = π/3, Θ = 2, ξ = 0.01,
κ = 1, Gr = 2, Br = 2, Pr = 0.7, Nb = 0.2, Nt = 0.2, Rn = 1, Bh1 = 0.4, Bh2 = 2, and
β = 0.2
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Fig. 19 Streamlines for Gr = 0 with a = 0.3, b = 0.5, d = 1, φ = π/3, Θ = 2, ξ = 0.01,
Uhs = 1, κ = 1, Br = 2, Pr = 0.7, Nb = 0.2, Nt = 0.2, Rn = 1, Bh1 = 0.4, Bh2 = 2, and
β = 0.2

Fig. 20 Streamlines for Gr = 2.0 with a = 0.3, b = 0.5, d = 1, φ = π/3, Θ = 2, ξ = 0.01,
Uhs = 1, κ = 1, Br = 2, Pr = 0.7, Nb = 0.2, Nt = 0.2, Rn = 1, Bh1 = 0.4, Bh2 = 2, and
β = 0.2
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Fig. 21 Streamlines for Br = 0 with a = 0.3, b = 0.5, d = 1, φ = π/3, Θ = 2, ξ = 0.01,
Uhs = 1, κ = 1, Gr = 2, Pr = 0.7, Nb = 0.2, Nt = 0.2, Rn = 1, Bh1 = 0.4, Bh2 = 2, and
β = 0.2

Fig. 22 Streamlines for Br = 2.0 with a = 0.3, b = 0.5, d = 1, φ = π/3, Θ = 2, ξ = 0.01,
Uhs = 1, κ = 1, Gr = 2, Pr = 0.7, Nb = 0.2, Nt = 0.2, Rn = 1, Bh1 = 0.4, Bh2 = 2, and
β = 0.2
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Fig. 23 Streamlines for ξ = 0 with a = 0.3, b = 0.5, d = 1, φ = π/3, Θ = 2,Uhs = 1, κ = 1,
Gr = 2, Br = 2, Pr = 0.7, Nb = 0.2, Nt = 0.2, Rn = 1, Bh1 = 0.4, Bh2 = 2, and β = 0.2

Fig. 24 Streamlines for ξ = 0.01 with a = 0.3, b = 0.5, d = 1, φ = π/3, Θ = 2, Uhs = 1,
κ = 1, Gr = 2, Br = 2, Pr = 0.7, Nb = 0.2, Nt = 0.2, Rn = 1, Bh1 = 0.4, Bh2 = 2, and
β = 0.2
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the streamline distribution to the influence of enhance Debye–Hückel parameter (κ)
from κ → 0 to 1 with remaining dimensionless variables are kept fixed. From these
two plots, it is noticed that the trapped bolus vanish when there is absence of Debye–
Hückel parameter and there is progress in trapping bolus with enhancement in the
value of κ . It is inspected that a boost in Debye–Hückel parameter increases the
volume of the bolus grow and its circulation flattens.

The variation in the trapping bolus distribution for the Helmholtz–Smoluchowski
velocity Uhs is exhibited in Figs. 17 and 18 with the contrast from −1 to 1. As
Helmholtz–Smoluchowski velocity strengthens, there is an escalation in the expanse
of the trapped bolus dynamics (a closer propinquity of the streamlines). This is due
to a justification that a stimulation in the strength of the axial electrical field with the
boost in Uhs.

The bolus phenomenon is scrutinized in Fig. 19 and 20 for escalating values of
Gr . It is explored that the size and shape of the streamlines are enhanced to magnify
inGr . The similar conduct for the nanoparticle Grashof number Br (see Figs. 21 and
22). Eventually, Figs. 23 and 24 illustrate the impact of dimensionless pseudoplastic
parameter (ξ varies from 0 to 0.01) on the streamline function along the channel. It is
observed that the size of closed streamlines reducedwith enhancing the pseudoplastic
parameter.

6 Conclusion

This chapter presents a numerical model of peristaltic pumping of pseudoplastic
nanofluid controlled by the electroosmosis mechanism. The effects of Grashof num-
bers (thermal and species) on the electro-osmotic flow characteristics and electrother-
mal characteristics have been discussed to examine the role of gravitational forces.
The effects of thermal radiations and Joule heating on thermal characteristics are ana-
lyzed and explained. The impact of Biot numbers on the thermal characteristics is
computed to analyze the nature of convective boundary conditions. Furthermore, the
influences of various pertinent parameters on trapping phenomenon are simulated. It
is observed that flow characteristics can be altered by the electroosmosis mechanism.
It is also noted that the thermal temperature enlarges with increase in the Joule heat-
ing parameter and fluid temperature rise and with an increase in thermal radiation
effects. It is further noticed that fluid temperature enhances with an increase in the
heat transfer Biot number at the right wall and reversed nature is noted at the left wall.
Finally, it is observed that the size and circulation of the trapped boluses increase
with the increase in the Debye–Hückel parameter (inverse of EDL thickness/Debye
length) and pseudoplastic parameter. The outcomes demonstrate a promising use of
thismodel in analyzing the real-time behavior of bioinspired-micro-peristaltic pumps
and energy-lab-on-chip devices which may also be exploited for thermal transport
in energy systems and smart drug delivery systems, etc.
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Synthesis of Nanomaterials for Energy
Generation and Storage Applications
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Prashant L. Suryawanshi, Ramsagar Vooradi, K. Anand Kishore
and Shirish H. Sonawane

Abstract A Polymer Electrolyte Membrane (PEM) fuel cell is a device in which
an electrochemical reaction occurs between fuel and oxidant producing electricity
and water is the only by-product with zero emission. Usually, Pt nanoparticles pre-
pared on carbon support used as oxidation and reduction reaction in PEM fuel cells.
Because, carbon-supported platinum shows better oxidation and reduction activity
among all the pure metals. Alloying of Pt with another non-noble metal is a strategy
to develop Pt-based electrocatalysts, which reduces the Pt loading in electrodes and
alters the intrinsic properties such as active sites available on surface and binding
strength and electronic effect of species. Carbon support loss its catalytic activity
due to electrooxidation under fuel cell operating conditions for long-term opera-
tions. In particular, the encapsulation of carbon with polyaniline (PANI) supported
Pt enhances the electrode stability in fuel cells by Enhancing the Active Surface
Area (EASA), chemical resistance and electron conductivity. Different supported
catalysts have been proposed to improve electrochemical stability of nanoparticles
in PEM fuel cells and supercapacitor.

Keywords Pt-based nanomaterials · Ultrasound/microreactor assisted method ·
PEM fuel cell · Supercapcaitor · Cathode materials

1 Introduction

The projected energy demand is going more than hundred percentage by year two
thousand fifty due to exponential increase in population. Most of energy demand is
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fulfilled by using fossil fuel. After the industrial revolution, an exponential increase
in energy usage has been observed in sectors such as transportation, industrial, and
residential. Choice of the energy source to meet the existing needs is based on the
following factors: availability of energy resource, location of availability, technology
adapted to tap the resource, and associated costs with an account environmental
effects. The energy usage policies and economic status of the country influence the
weightage of the above factors. The conventional sources such as coal, oil, natural
gas, and wood. are still primary sources for energy generation, and these are the
main contributors for CO2 emission. To mitigate the CO2 emissions, 195 signatory
countries adopted the historic Paris agreement.

Harvesting energy from renewables is becoming a sustainable alternative as com-
pared to the fossil energy. However, intermittent availability of renewable energy is
a major drawback in replacing the fossil energy for baseload power supply. Hence,
the extensive use of energy storage devices is essential to make the renewable energy
as a sustainable option. In recent days, research is more focused on development
of nanoparticulate technology for sustainable renewable energy conversion, uti-
lization, and storage (Mao et al. 2012). Metal chalcogenide nanomaterials exhibit
good optical and electrical properties and having widespread applications in bat-
teries, photovoltaics, and display devices (Cho et al. 2014; Wu and Lee 2018). The
nano-structuring semiconductingmaterials such as n-type, p-type, chalcogenide, and
nitrides are being used for conversion to generate hydrogen energy (Alfaifi et al. 2018;
Li and Wu 2015). Different metal nanoparticles such as ZnO, CuO, TiO2, and Ag
are used in the form of layers and tubes in dye-based solar cells (Lai et al. 2008; Mor
et al. 2006; Sharma et al. 2015; Suliman et al. 2007).

Nano-structured systems such as nanotubes, hydrides, carbon/hydride nanocom-
posites,metal–organic frameworks, alanates, andpolymer nanocomposites havebeen
considered as potential candidates for solid-state hydrogen storage (Niemann et al.
2008). Applications of nanotechnology brought revolutionary changes in the area
of solid oxide fuel cells (SOFC) by improving the following characteristics: opera-
tional temperature is reduced to range of 400–700 °C from 700 to 900 °C, reduced
the internal resistance which has been a major problem at low operating temperature
(Abdalla et al. 2018; Fan et al. 2018).

2 Role of Nanomaterial for Energy Generation and Storage

Nanomaterials play a vital role in energy sector where their applications can be
broadly categorized to energy resources, energy transfer/change, energy distribu-
tion, energy storage, and energy usage. Examples of nanomaterial applications and
development specifically to energy generation and storage are tabulated in Table 1.
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3 Synthesis of Nanomaterials

The synthesis of nanoparticles depends on two major approaches: (i) Top-down
method and (ii) Bottom-up method. In top-down approach, the macro bulk form of
the precursor has been physically processed to break and bring down particle size to
nanodimensions. In contrast, bottom-upmethod, the nanoparticles are synthesizedby

Table 1 Role of nanomaterial for energy generation and storage

Nanomaterial for energy
generation

Specific energy generation
system

Specific role

Photovolatic cells Nano-optimized cells in the form
of dots, thin films, refractive
coatings, etc.

Wind energy blades Energy-efficient weight reduced
structures made up of
nanocomposites

Geothermal energy, fossil
fuels—oil explorations

Nano-coatings, structures for
wear-resisting drilling equipment

Hydro and tidal power Corrosive protective coatings and
structures using nanocomposites

Biomass energy Increased yield via farming based
on nano-sensors in process control

Nuclear energy Nanocomposites for radiation
shields, reactors/containers,
personal protection equipments,
etc.

Turbines, combustion
engines

Ceramic/intermetallic
nano-coatings/structures for
thermal &corrosion protective
blades, structures

Fuel cells Nano-based proton exchange
membranes

Hydrogen generation Nano-Catalysts and novel
processes for H2 generation

Electrical motors Super conducting nanocomposites
components

Nanomaterial for energy
storage

Specific energy storage
system

Specific role

Electrical energy Batteries—Nano-structured
electrodes and separators for
batteries

Supercapacitors—Nano-structured
electrodes with high charge
capacities

(continued)
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Table 1 (continued)

Chemical energy Accumulators—Nano-structured
electrodes and separators for
recyclable batteries with cyclic
reactions that convert chemical
energy into useful energy

Nano-structures/Fuel storage
tanks—For storing liquid and
gaseous fuels without
hydrocarbon leakages

Fuel reforming/refining—Novel
nano-catalysts used for fuel
production or refining such as
petroleum refining and coal fuels

Thermal Energy Nano-Phase Change Material and
Heat Transfer Nano
Fluids—industrial heat transfer
applications

Nanoporous adsorption storage
including metallo-organic
cage-like structures for storing
compressed and liquefied
hydrogen, methane, natural gas

consolidating atoms/molecules/clusters throughnucleation and growth process either
via chemical or biological routes. Thedifferentmethods for synthesis of nanoparticles
are depicted in Fig. 1. The different synthesis methods for nanoparticles are well
documented in the literature.

Bottom-Up Method

Nano Material Synthesis Methods

Top-Down Method

Physical Methods Chemical Methods Biological Methods

1. Mechanical Method –
Attrition Ball Milling 

2. Physical Vapour 
Deposition 

3. Lithography 
4. Pyrolysis – Thermal 

Evaporation

1. Sol-Gel
2. Chemical Vapour 

Deposition  
3. Co-Precipitation  
4. Micro Emulsions 
5. Hydrothermal 
6. Sonochemical 
7. Microwave 

1. Using Plant Extracts
2. Using Enzymes 
3. Using Agricultural 

Wastes 
4. Using Algae, 

Bacterial, Fungus, 
Yeasts 
&Actinomycetes

Fig. 1 Nanoparticles synthesis methods
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4 Synthesis and Characterizations of Reduced
Graphene-SnO2-Polyaniline Nanocomposites Using
Sonochemical Approach for Supercapacitor

4.1 Sonochemical Synthesis of Reduced
Graphene-SnO2-Polyaniline Composite

Usingmodified Hummers method, graphene oxide [GO] was prepared from graphite
powder (Guo et al. 2015). Then, the prepared GO was used as a precursor for
graphene. Sonochemical synthesis method was used for the preparation of reduced
graphene-SnO2-polyaniline.At first, the dispersion ofGO in distilledwater (8 gm/ml)
was carried out using ultra-sonification for a period of 30 min to obtain an exfoliated
yellow-brown GO suspension. Subsequently, 3 g of SnCl4.5H2O was added into the
GO suspension under sonication and stirring for 1 h to get a black GS solution. Then
0.5 mL aniline was slowly added. Further, the mixture was sonicated for 15 min
and then, added with drops of 10 mL aqueous solution containing 2 g ammonium
persulfate (APS). After the sonification process, the content was kept in ice bath for
1 h. Next, the Reduced graphene-SnO2-polyaniline nanocomposite was filtrated and
washed with ethanol and deionized water. Finally, the washed contents were dried
at 60 °C in oven under vacuum conditions. The experimental setup and complete
process flow are shown in Figs. 2 and 3, respectively.

The electrochemical performance of the supercapacitor was evaluated using a
standard three-electrode setup that contains aqueous 1M H2SO4 electrolyte solu-
tion. Also, the Reduced graphene-SnO2-polyaniline composite coated carbon paper
was working as electrode, graphite plate and standard saturated calomel electrode
(SCE) were working as counter electrode and reference electrode, respectively. The

Fig. 2 Ultrasound set up for
the synthesis of Reduced
graphene-SnO2-polyaniline
composite
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Fig. 3 Procedural flow of the synthesis of Reduced graphene-SnO2-polyaniline composite

performance of supercapacitor was evaluated by Cyclic voltammetry (CV), galvano-
static charge–discharge (GCD) and electrochemical impedance spectroscopy (EIS)
at room temperature by using A/g). Electrochemical impedance spectroscopy (EIS)
measurements were carried out in the frequency range of 0.1–1,00,000 Hz at 5 mV
open-circuit voltage.

The XRD patterns of Reduced graphene-SnO2-polyaniline composites are shown
in Fig. 4. There was no GO or graphite peak detected, which indicates that com-
pletely GO was reduced. Due to the amorphous polymer present in the composite,
no polyaniline peak detected. The observed 28 peaks at 26.73°, 34.57°, 51.90°, and
64.69°which associatedwith (110), (101), (211), and (301) planes of the SnO2,which
are consistent with the standard JCPDS values (JCPDSNo. 41-1445). The Structural-
parameters of as-synthesized Reduced graphene-SnO2-polyaniline nanocomposite
shown in Table 2. The crystallite size of the Reduced graphene-SnO2-polyaniline
composite evaluated using Scherrer Formula (Rajesh Kumar et al. 2018a).

L p = 0.94λ

β1/2
cos θ

(1)
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Fig. 4 X-ray diffraction pattern of Reduced graphene-SnO2-polyaniline

Table 2 Structural parameters of synthesized Reduced graphene-SnO2-polyaniline nanocomposite

S. no 2� (Degree) (h k l) d-Spacing (AO) FWHM Crystallite size (nm)

1 26.73 (110) 3.33 0.62 13.55

2 34.57 (101) 2.59 0.75 11.50

3 51.90 (211) 1.76 0.50 18.32

4 64.69 (301) 1.44 0.32 30.27

where Lp = Crystallite size, β = Full width at half maximum of peaks (Line
broadening), θ = Bragg reflection angle, λ = X-ray wavelength.

The morphological study of the Reduced graphene-SnO2-polyaniline nanocom-
posite was carried out using transmission electron microscopy (TEM) analysis. The
resulted TEM images of reduced graphene-SnO2-polyaniline nanocomposite are
shown in Fig. 5. The TEM image shows that the obtained nanoparticles are irreg-
ular in shape and those nanoparticles are agglomerated onto graphene sheets. The
resultant average size of the composite is from 10 to 50 nm.

The electrochemical characteristics of preparedmaterials for supercapacitorswere
evaluated by different electrochemical analyses. The CV measurements of reduced
graphene-SnO2-polyaniline composite at different scan rates are shown in Fig. 6.
It can be seen that curves at 80 and 160 mV/s are without any redox peak with
rectangle. But two redox peaks at different scan rates, which indicate the EDLC
behavior. Following equation is used to calculate capacitance (Mao et al. 2012):
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Fig. 5 Morphology of synthesized Reduced graphene-SnO2-polyaniline composite a 50 nm and
b 10 nm by ultrasound-assisted method

Fig. 6 CV curves for reduced graphene-SnO2-polyaniline composite at different scan rates (5, 10,
20, 40, 80, and 160 mV/s)

Cs =
∫
idV

2Vsm�V
(F/g) (2)

where CS = Specific Capacitance (F/g), i = Current in (A), V = Potential in CV
Test (V), VS = Scan rate (V/s), m = Mass of active Material (g) �V = Potential
Window (V).
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For the nanocomposite specific capacitance was calculated from the CV curves
was 215 F/g at a scan rate of 5 mV/s, 191.10 and 174.5 F/g at 10 and 20 mV/s
scan rates respectively. Results show that with increase in the scan rate, specific
capacitance decreases which indicates that at lower scan rates specific capacitance
values are more precise (as shown in Fig. 7).

The GCD curves of starch-PANI composites at different current densities of 0.5,
1 and 2 A/g are shown in Fig. 7. As shown in Fig. 7, nanocomposite shows 80,
63.50, and 57.10 F/g at 2, 1, and 0.5 A/g current densities, respectively. The specific
capacitance (Cs) values can be evaluated by the following equation (Li et al. 2018):

Cs = I× �t

m× �V
(3)

where �V = Potential Window (V), I = Discharge Current in (A), �t = Time for
discharge in (s), m =Mass of active Material (g), CS = Specific Capacitance (F/g).

To find the conductivity of the Reduced graphene-SnO2-polyaniline compos-
ite electrodes, the electrochemical impedance measurements used to test the con-
ductivity of the material, the experiments were conducted in the range from 0.01–
1,00,000 Hz frequency. The Nyquist plot of the Reduced graphene-SnO2-polyaniline
composite has shown in Fig. 8. It can be observed that small half circle with linear
line observed in low-frequency region. In general, at large frequency regions, a small
semicircle can be observed which indicates that the resistance is being offered by

Fig. 7 Curves of charge-discharge cycle of reduced-SnO2-PANI at different current densities (0.5,
1 and 2 A/g)
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Fig. 8 EIS spectra of reduced graphene-SnO2-polyaniline nanocomposite

internal pore diffusion, while linear line at low-frequency region indicates the fab-
ricated Reduced graphene-SnO2-polyaniline electrode material is an ideal capacitor
property (Yang et al. 2017).

5 Nanomaterials for the PEM Fuel Cell Applications

Fuel cell is important device to obtain electrical energy from chemical reaction con-
version. There are several issues with fuel cells to make into commercial scale, some
of the important challenges are the cost of the fuel cell stack, catalyst cost, and the
stability of the catalyst. Hence, in this chapter an attempt has been made to show how
the platinum-based catalyst can be replaced by using non-noble metals, especially at
cathode side. The exclusive study also been attempted to use the polyaniline as sup-
port conductivematerial alongwith the carbon in order tomakemore electrochemical
transformations (Yaldagard et al. 2014).

Polyaniline (PANI) is one of the best-conducting polymers which can be used
to prepare electrodes to convert into electrochemical energy. The addition of PANI
with carbon increases the support surface which leads to raise active electrochemical
area and increases the durability of electrocatalyst. The encapsulation of catalyst
particles with PANI enhanced the electrochemical activity. It is well known that the
metal nanoparticles are uniformly encapsulated by the conducting polymers such
as polyaniline [PANI], and polypyrole [PPy], which can be easily coated onto gas
diffusion layers. The sonochemical method is an effective method to synthesize the
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monometallic electrocatalysts for fuel cell applications. In the literature numbers
of attempts have been made to synthesize the Pt-based catalyst including the sol–
gel method, reduction method. However, the wide distribution of particles is one of
the challenges for the electrocatalyst to make uniform distribution onto the support
materials. It is interesting to know that the sonochemical synthesis method makes
the catalyst synthesis very small in size and with uniform distribution of the catalyst.
In this work, an attempt was made to synthesize to make a functional electrocatalyst
for better electrochemical conversion (Bang and Suslick 2010; Kaltsa et al. 2014;
Valh et al. 2017).

5.1 Synthesis of the Support and Catalyst Preparation
for PEM Fuel Cell

For the preparation of the support, additional aniline was polymerized using
the oxidative polymerization system. The polymerization was carried out using
ultrasound-assisted miniemulsion polymerization so that the uniform droplet size
and uniform conductivity of the polymer particle will be maintained. Sonication was
carried using the probe type ultrasound and it was conducted for less than 30minutes.
During the formation of the conducting polymer the ultrasound makes the deposit
onto the conducting support. It is also carried out the synthesis of bimetallic nanopar-
ticles such as Platinum–cobalt and Platinum–cobalt/C and Platinum–cobalt/PANI.
During the synthesis K2PtCl6—and cobalt nitrate was used as precursors and it was
reduced using the sodium borohydride. The Membrane electrolyte assembly was
prepared using the commercial carbon black powder and using the PANI using the
electrocatalyst (Rajesh Kumar et al. 2017, 2018a, b).

From the XRD analysis, it has been found that the Platinum–cobalt/C and Plat-
inum–cobalt/C-PANI nanoparticles as 15.75, 9.61 nm with major peak at 39.89°.
Further as shown in from TEM images the particle size of the C/PANI support is
less than the conventional system. The size of the catalyst is below 20 nm (as shown
in Fig. 9) while the size of Pt-Co—Cabon/PANI support is below 50 nm (Rajesh
Kumar et al. 2017; Skorb and Andreeva 2013).

Cyclic voltammetry curve of the Platinum–cobalt/C-PANI cathode electrode is
shown in Fig. 10. Electrochemical Scanning depicts the oxidation current increase
in forward sweep while reduction current decreases in reverse sweep.

Characteristic peak corresponding to the PANI in the figure predicts that PANI
conversion occurs to emeraldine phase during the forward sweep. The maximum
current density was achieved by the Platinum–cobalt/C-PANI electrocatalysts was
2.32 mA/cm2 at 1.00 V during the forward scan (Yaldagard et al. 2014; Zhou et al.
2010).

Cycle time of synthesized electrocatalyst was to check the stability using cyclic
voltammetry (CV) analysis. It is sound that the synthesized catalyst Pt83-Co17/C has
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Fig. 9 TEM image of
sonochemically synthesized
platinum–cobalt/C-PANI
nanoparticles

Fig. 10 Cyclic voltammetry
(CV) of
Platinum–cobalt/C-PANI
cathode in a 0.5 M H2SO4
aqueous electrolyte at a scan
rate of 50 mV/s (Rajesh
Kumar et al. 2017) [with
permission from Elsevier
Chemical Engineering and
Processing: Process
Intensification 121, 2017,
50–56]
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the stability more than 3000 h cycles in PEM fuel cell which do not contain the
conductive support such as polyaniline (PANI) as shown in Fig. 11.

As shown in Table 3, There is an improvement in the current density with the
addition of PANI. However, there is significant reduction in the electrochemical
active area. Due to increase in the polymer chains length the particle size of the
catalyst is increased. But it is interesting to know that the addition of the conducting
polymer always leads to increase in the stability and durability of the electrode.

Figure 12 shows the PEM fuel cell performance using Platinum–cobalt/C-PANI
electrocatalysts on cathode side, Platinum/C electrocatalysts on anode side and
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Fig. 11 CV Curve of Pt83-Co17/C measured against NHE in the H2–N2 atmosphere at a scan rate
of 50 mV/s

Table 3 Synthesized Pt/C, platinum–cobalt/C and platinum–cobalt/C-PANI electrocatalysts using
sonochemical method and electrochemical parameters

Parameter Electrocatalyst

Pt/C Platinum–cobalt/C Platinum–cobalt/C-PANI

Crystal size (nm) 10.8 9.61 15.75

EASA (m2/g) 7.88 8.7 5.98

OCP (V) 1 0.9 0.91

Power density (W/cm2) 0.32 0.27 0.36

Fig. 12 Power density Vs
current density curve of
synthesized catalyst for
cathode (Rajesh Kumar et al.
2017) [with permission from
Elsevier Chemical
Engineering and Processing:
Process Intensification 121,
2017, 50–56]

Nafion membrane in between them operated at 50 °C. It is observed from the figure,
as increasing in the current density, the power density increased and reached the
maximum value. Further, there is a drop in power density due to the mass transfer
resistances, which are increased in the ionic species. The peak power density was



228 P. Narsimha et al.

achieved at 0.37 V and identified as 36.4 mW/cm2 whereas the highest current den-
sity was achieved at 0.29 V and identified as 120.8 mA/cm2. From figure, the density
of current decreases with increase in the voltage because of saturation of active sites
on the electrode (Wang et al. 2014; Xia et al. 2015).

6 Conclusion

It is found that ultrasound-assisted technique gives uniform particle size and particle
size distribution. The particle size distribution plays important role in the prepara-
tion of the energy storage devices as supercapacitor and PEM fuel cell as energy
generation device. From the capacity curves, it is found that small half circle at
large frequency and followed by a linear line at low-frequency region. In general,
at large frequency regions, a small half circle can be observed which indicates that
pore diffusion resistance of the electrode material and it can see that straight line at
low-frequency region indicates fabricated reduced graphene-SnO2-polyaniline elec-
trode material is an ideal capacitor property. The durability of the Platinum–cobalt/C
cathode and performance curves in PEM fuel cell after different potential cycles
operating at cell temperature of 40 °C. Polarization curves of PEM fuel cell with
Platinum–cobalt/C cathodes exhibit a moderated degradation rate as the potential
cycling number increased measured with the H2–O2 atmosphere. The open circle
voltage (OCV) of the fuel cell is 0.98 V, which is lower than the commercial Pt/C
cathode is about 1 V.
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Interaction of Heavy Crude Oil
and Nanoparticles for Heavy Oil
Upgrading

Rohan M. Jadhav and Jitendra S. Sangwai

Abstract The relevance of nanotechnology in the field of energy resources has been
growing at a swift pace. The term ‘catalyst’ has a whole new outlook since the foun-
dation of nanomaterials in process industries. Nanocatalysts, in general, play a vital
role in the improvement of resource handling and process efficiency. New prospects
to achieve sustainable processing have been made possible through the progress in
nanotechnology. These developments of nanomaterials in the energy sector have also
reached the parts of the oil and gas industry. In downstream processing of oil and
gases, the use of nanocatalysts is commonplace. As the focus towards the production
of heavy crude oil has seen an uprising, the use of nanomaterials has shown a promis-
ing scope in altering heavy oil properties to favour the oil recovery mechanisms. The
majority of the reservoirs around the world have volumes of heavy crude oil with
only a few effective ways to produce it. With the ever-growing energy demands it is
of due importance that the focus has been shifted to implement nanotechnology in
heavy oil production. This chapter discusses the role of nanomaterials in the devel-
opment of heavy oil recovery. Different types of mechanisms that explain the effects
of nanoparticles and their interaction with oil and its constituents are highlighted.
The effects coupled with the use of various thermal treatment schemes have been
explained. The scope of applicability in the field of flow assurance has been dis-
cussed. The use of nanoparticles in improving the existing EOR applications and
devising new ways to achieve the production of heavy fractions.
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1 Introduction

Through the advent of nanotechnology at the turn of the century, nanomaterials have
invariably become a part of our growing technology. Nanomaterials, especially due
to their sizes are preferable over conventional materials for identical applications.
The scope for development and the range of wide applicability makes nanotechnol-
ogy suitable for a vast expanse of operations. Their use as catalysts has been duly
appreciated in many areas of expertise. Industrial applications have also recognized
the benefits of nanomaterials and have employed them for different purposes. Nano-
materials, for most of their part, have found generous use in the field of energy pro-
duction. Worldwide energy generation processes (conventional and unconventional)
use nanomaterials in some way or the other. This involvement of nanomaterials in
the energy sector has been termed as nano-energy which is regarding the role of
nanomaterials in harnessing energy from resources (Menéndez-Manjón et al. 2011).

When contemplating energy production it gives us a perspective of how abun-
dantly we are dependent on non-renewable sources of energy. An ample amount
of energy around the world is generated through the use of fossil fuels. The needs
of power generation and fuel for transportation are only fulfilled through petroleum
derivatives whichmakes the majority of the energy sector dedicated to the oil and gas
industry. As such, the scene of economical energy has seen a shift due to the deple-
tion of the worldwide oil and gas reserves. The existence and use of other renewable
sources such as hydropower and solar energy to meet the global energy requirements
will take a considerable amount of time due to limited accessibility. These situations
have put the global energy scenario in a perilous situation. The majority of the oil
reservoirs are facing depletion of light crude oil. Crude oil sitting at the bottom of the
reservoirs is either void of the driving force or is relatively heavy. Also, the deple-
tion of conventional oil and gas reservoirs has drawn the attention to produce heavy
and extra-heavy oil from the unconventional reservoirs. The inherent properties such
as viscosity and density of heavy oils make it difficult to extract them for further
operations. Several enhanced oil recovery (EOR) processes have been employed to
produce the oil deep down in the reservoirs. The emergence of nanotechnology has
attracted the necessity to use nanomaterials in the production of heavy crude oil.

Nanomaterials are a broad classification of constituents whose range lies across
the nanoscale (1–100 nm). These materials have numerous properties that are
favourable for different kinds of applications. Nanomaterials can be used to enhance
the attributes of othermaterials or to imbue themwith new ones. Their mainmerit lies
in the fact that the nature of their particle sizes makes them more efficient and effec-
tive in facilitating processes that would otherwise need a conventional material of
larger dimensions. This chapter gives an overview of the properties of nanomaterials
and their applications in the field of heavy oil recovery.
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1.1 Need of Nanotechnology

Nanotechnology, in its entirety, focuses on using a minimal amount of resources
to process large-scale operations. The reduction of the size of the particles itself
is a profound way to utilize any material efficiently. The use of a few micrograms
can do the same work that a few grams could do. This is a way to employ the
conservation of resources sustainably. Everyday industrial processes generate a lot
of unused substances. Nanomaterials, due to their dimensional advantages, minimize
their specific amount required for any application which adds an edge to the whole
operation regarding resource handling and usage. These properties make the use of
nanoparticles an efficient way to achieve a stable groundwork between sustainability
and effectiveness.

Nanotechnology and its facets have also shown potential in improving the effluent
suppression and gas capture processes. Successful mitigation of greenhouse gases
has been achieved in small scale processes involving nanomaterials. Materials such
as nanoclay have been identified as a well-known and cheap alternative for CO2 cap-
ture and have been an interesting area of research (Roth et al. 2013). In oil recovery,
techniques such as CO2 flooding using CO2 foam have also been observed to pro-
vide better results with the addition of nanoparticles and improved sequestration of
CO2 (Aminzadeh-Goharrizi et al. 2012). Numerous applications can be found where
nanomaterials are proven to be better alternatives in tackling these problems. A wide
array of properties makes them versatile for some processes requiring high effi-
cacy in energy production. This potential of nanomaterials makes them an attractive
candidate in assisting environmental issues with smart solutions.

2 Properties of Heavy and Extra-Heavy Oils

Crude oil is a naturally occurringmixture of different fractions of carbon compounds.
These fractions can be classified into groups of Saturates, Aromatics, Resins, and
Asphaltenes (SARA) (Fig. 1). These together make the structure of oil and give it its
various properties. The viscosity of oil is a vital property that affects its mobility in
reservoirs. In the case of heavy and extra-heavy oils, viscosities up to 10,000 cp and
higher have been observed. Tar sands being practically solid in nature pose extreme
difficulty in extraction. The heavy oilwhich sits at the bottomof the reservoir creates a
challenge as it is very difficult to displace. Owing to the depletion of lighter fractions,
the processing of these heavier fractions has become important to sustain the fuel
requirements. But what makes this a difficult task is the fact that the heavy and extra-
heavy oils are unsusceptible to primary and secondary recovery treatments. Oils
are characterized by their API (American Petroleum Institute) gravity. API gravity
gives a comparison with respect to water of how heavy or light the oil is. Medium
and heavy oils usually range from 25 to 15° API in comparison with light crudes
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Fig. 1 Various fractions found in crude oil

which go above 30° API. Any hydrocarbon which goes below 15° API is considered
extra-heavy.

Heavy oils are usually categorized by their inability to flow, highly viscous nature
and difficulties posed by being inoperable by conventional techniques. The viscous
nature of heavy oil is attributed to the presence of asphaltenes and resins which
have a complex molecular structure with high molecular weight. This high viscous
nature makes it difficult for further processing of light fractions. It mainly gets uti-
lized in the production of asphalt, and upgrading processes like delayed coking
and hydro-cracking. Asphaltene structures are high molecular weight polyaromatic
chains containing heteroatoms (compounds containing nitrogen, oxygen, sulphur).
They are present in the bulk oil as a suspension which influences the behaviour of
the oil. Their deposition in the pipelines is a nuisance to flow assurance operations
and require cumbersome treatments. Heavy crude oil treatment is basically how the
heavy oil can be made accessible for further handling. The use of thermal treatments
to mobilize heavy oil is an old practice. Understanding the interaction between heat
and oil forms the basis of upgrading processes.

2.1 Heavy Oil Upgrading and Rheology

Upgrading of heavy oil in basic terms implies reducing the viscosity of heavy oil
so it can be processed by downstream operations. Heavy and extra-heavy oils have
viscosity several times higher than that of a conventional light crude oil. The reduc-
tion of the viscosity of such oils must be carried out through temperature intensive
processes. The upgrading process to recover heavy oil from the reservoirs are as
follows:

1. Cyclic Steam Stimulation/Steamflooding.
2. Fire flooding/In situ combustion.
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3. Steam-assisted gravity drainage (SAGD).
4. Cold heavy oil production by sand (CHOPS).

Themethodsmentioned above are used, somemore than others, and are important
for the recovery of heavy and extra-heavy oils. Figure 2 gives the general operation
of the steam flooding process. Inside the reservoir, the steam creates a heat front.
This heat front comes in contact with the heavy oil, reduces its viscosity and pushes
it towards the production well.

Steam-assisted gravity drainage is a relatively new technique that considerably
increases recovery through effective steam usage. Two holes, one beneath the other
are dug into the reservoir. The hole at the top injects steam into the reservoir. The
heat from steam creates a chamber and reduces the viscosity of the oil, and it flows
below under the influence of gravity. The bottom hole is then used for the production
of oil. Figure 3 gives a representation of the process schematic of SAGD.

Cold heavy oil production with sand (CHOPS) is a non-thermal process that
involves the production of sand. During completion stages, sand is calculatingly pro-
duced to improve the bottom oil recovery. Though this method allows the production
of oil, it is mechanically exhaustive. CHOPS method has been only used in limited
fields (namely Canada), thus it is crucial to have a well founded degree of under-
standing of the flow behaviour of oils. The flow behaviours are dependent on various
factors that influence the rheological properties of heavy oils.

Understanding the rheology of heavy oils is of essential interest. The flow of oils
in the reservoir is subject to the nature of the oil and its mobility in the reservoir. In
comparisonwith lighter fractions, heavy oil proves to be a big inconvenience because
of its characteristic flow properties. Better knowledge about the flow behaviours of
these oils is important to figure out the appropriate method to extract them from
the reservoirs. Heavy oil at ambient temperatures behaves as an extremely viscous
fluid and, in some cases as a semi-solid. At higher temperatures, however, the oil
matrix starts to break down and exhibits a Newtonian behaviour (smooth flow). The

Heavy Oil

Injection well Heat at the 
front lowers 
viscosity and 
pushes the oil 

Production well 

Steam flood

Steam flood

Fig. 2 An illustration of steam flooding
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(Steam is injected) Injected steam creates a 
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oil. 

Oil moves down towards the 
production well under the 
influence of gravity. 

Oil 

Fig. 3 Steam assisted gravity drainage (horizontal profile)

flow of these oils, at ambient temperatures is that of a Bingham plastic fluid which
indicates that the semi-solid structure needs high shear to be broken down which
can initiate flow in these oils (Ghaffari et al. 2017). Figure 4 shows the contrasting

Fig. 4 Viscosity versus temperature of crude oils of various API gravities. Reprinted with
permission from Ramírez-González (2016). Copyright (2016) American Chemical Society
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viscosities of heavy oil and light oils (obtained from various fields in Mexico) at
different temperatures (Ramírez-González 2016).

It is evident that the properties of heavy crudes differ by a large margin when
compared with light crudes. This disparity between the two comes from the fact
that the polar components dominate the oil matrix in heavy oils. The high molecular
weight structure of asphaltenes and resins associate themselves with the oil which
causes them to become viscous and dense in nature. In many instances at cracking
temperatures, even heavy oils with lower asphaltene content can display asphaltene
deposition whereas high asphaltene content oils exhibit a lower amount of deposi-
tion. This might happen due to the temperature affecting the asphaltene structure to
a certain extent which allows deposition. Since these heavy oils are complex fluids,
an accurate estimate of their behaviour is of questionable nature. These oils exhibit
viscoelastic behaviour which is very deterministic of how they behave at high tem-
peratures. Their viscoelastic behaviour can be quantified by observing how theywork
under a particular frequency of shear. These properties are characterized by loss and
storage modulus (G′′ and G′). These are of importance as they define the characteris-
tics of the viscoelastic material which surfaces during deformations by shear. Amore
dominant loss modulus (G′′) indicates a viscous flow indicating a liquid property of
the fluid, whereas a prominent storage modulus (G′) is indicative of elastic nature
which implies a solid property behaviour.

Figure 5 shows the dependency of loss (G′′) and storage (G′) modulus on the

Fig. 5 Dependence of loss (open symbol) and storage (filled symbol) modulus (G′′ and G′) with
respect to deformation frequency of various oils (ranging from 14 to 28° API). Reprinted with per-
mission from Ilyin and Strelets (2018). Copyright (2018), with permission fromAmericanChemical
Society



238 R. M. Jadhav and J. S. Sangwai

frequency of deformation for oils of different API gravity (ranging from light to
heavy) obtained from different oilfields in Russia (Ilyin and Strelets 2018). It is
evident that oils of different API gravities behave differently in the presence of
different degrees of deformation (Fig. 5). Oil 1 with the lowest API gravity exhibits
a narrow band between the loss and storage modulus. This indicates that heavy oils
usually have a dominant solid behaviour at ambient temperatures hence the difficulty
in mobilizing them. The deformation rates generate small cracks in the semi-solid
structure of heavy oil. The oil matrix resists the changes in these deformations by
rebounding back to the original structure, which brings forth the elastic nature. This
corresponds to the solid behaviour of heavy oil. As the frequency and amplitude of
shear changes, these small cracks can propagate into larger ones and initiate the flow
of oil which points to the viscous behaviour of oil. These properties are of importance
in understanding how the flow of these oils work and what can be done to improve
it. This is relevant from transportation to processing of these oils. Their interaction
with various chemicals and thermal treatments becomes the basis for understanding
the recovery of these oils.

The processes to recover heavy oils are, however, sometimes too energy exhaus-
tive and complex. Heavy oil recovery takes twice if not more time than the extraction
of light crudes, which puts in perspective the difficulty of the entire process. The
real challenge lies in the optimization of recovery processes. Since most of these
methods utilise steam, the steam-to-oil ratio (SOR) determines the economic value
of the said process. The SOR ratio shift can cause capital costs and requirements of
the process to increase drastically making the process less feasible. Another aspect
of using steam apart from providing heat to reduce viscosity is, it brings chemical
changes in oil composition. Steam causes bond breakage and hydrolysis in oil struc-
ture (Clark and Hyne 1984). Usually, the first bond to break is sulphur–carbon as its
dissociation energy is the lowest. The breaking of the sulphur bond helps in achiev-
ing low viscosity. This process is termed as aquathermolysis. Aquathermolysis is
one of the main mechanisms in the upgrading of heavy oil. Methods to catalyze the
aquathermolysis reactions draw attention towards nanoparticles and their abilities as
catalysts.

3 Nanomaterials and Their Properties

Nanomaterials are classified as structures at the nanoscale level. They come in var-
ious shapes with different arrangements and properties. At such a small scale, their
properties become rather profound. Small structural changes drastically affect the
nature of the particles. The arrangement of the structures can be of various forms such
as nanotubes, crystals, wires, rods and dendrites. They can also be identified based on
their dimensional proportion, 1-dimensional, 2-dimensional, etc. A 1-dimensional
particle will only have one of its sides in the nanoscale (i.e. a nanorod would only
have its radius in nanoscale, and its length could be greater) as such goes for 2- and 3-
dimensional particles (Tiwari et al. 2012). Figure 6 shows various structures (nanorod
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Fig. 6 Various SEM and TEM images of a nanorod (Cao et al. 2017); b nanotube (Sandoval et al.
2017); c nanosheets (Wang et al. 2017). Reprinted with permission from Elsevier

(Cao et al. 2017), nanotubes (Sandoval et al. 2017), nanosheets (Wang et al. 2017))
of nanomaterials that can be fabricated. Specific shapes provide variable surfaces
with different dimensional properties.

These specific characteristics define how the particleswould behave in certain con-
ditions and how they interact with their surroundings. Following are a few properties
of nanomaterials:

1. Surface Area to Volume Ratio: The particles exhibit a very high surface area
for a relatively small volume. This expansive area allows for an increase in sur-
face activity. Since most reactions in chemical processes occur at the surface,
this makes the surface activity of nanoparticles more suitable to facilitate reac-
tions. This property has been seen to affect the flow behaviours of crude oil in
many cases. The increase in surface action makes them excellent for adsorption
mechanisms, by adsorbing materials on the active sites.

2. Selectivity: Nanoparticles show a highly selective nature. Specific types show
an affinity towards only certain types of molecules. It has been specified in many
cases that the active sites of nanoparticles influence the acidity–basic nature of
the reactants and selectivity of the product formation when being considered as
catalysts (Muraza and Galadima 2015).
This selective nature allows certain catalyst particles to inhibit by-product for-
mation and allow selective yield of product, which is a requirement for most
chemical reactions.

3. Structural Stability: The nanomaterials possess superior structures compared
to their conventional counterparts. The hardness of the material can be altered
by introducing nanomaterials into a host material which imbues them with a
more stable structure. An example would be the alteration of the hardness of
magnesium done by adding silicon carbide nanoparticles to form composites
with improved structural and mechanical properties (Lan et al. 2004). Graphene-
based nanoparticles which are, in comparison, smaller than graphene sheets can
be used to form composites to give extra mechanical stability and flexibility to
other materials.

4. Optical Properties: The optical properties concerning the emission and scatter-
ing of light are important for many photochemical processes. The optical prop-
erties of nanoparticles are useful in characterization studies of other substances.
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An example would be the use of optical properties of gold nanoparticles in the
field of medicine for photothermal therapy (Huang and El-Sayed 2010).

5. Magnetism: Nanomaterials exhibit magnetism which can be utilized in a num-
ber of ways. These can be used for magnetically induced heating in nanofluid
applications.

One of the fascinating aspects of nanoparticles and their properties is that they
can be crafted to suit particular requirements. There are several methods to attain
desirable properties (high surface area, selectivity) and shapes (clusters, nanowires,
etc.) in these materials. There are namely two broad classifications of processes
involved in nanoparticle production, top-down process and bottom-up process.

The top-down process can be visualized as breaking down of a particular material
until nanoscale is reached. Top-down processes usually involve more mechanical
input for achieving a reduction in size. Some examples are high energy milling, laser
ablation process, nano-lithography, etc.

The bottom-up methodology is the technique which proceeds from individual
molecules and atoms to nanoparticle formation. They are widely used because
they give high-purity particles and are more preferred for the structural stability of
nanoparticles. These processes also allow more control over the size distribution and
structure manipulation. Some examples would include the sol-gel process, epitaxial
growth processes (atomic, molecular liquid phase), vapor deposition techniques, etc.
Figure 7 gives a visual understanding of the processes involved in the fabrication of
nanomaterials from the two methods.
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Processes (From 
macroscopic 
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materials 
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molecules nanoparticle 

Bottom-up
Processes
(From 
molecules to 
particles)

Fig. 7 Fabrication routes of nanomaterials
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4 Role of Nanomaterials in Heavy Oil Recovery and its
Operations

In oilfields, after the primary and secondary oil recovery is done, the reservoir is
subjected to external stimulation to retrieve the oil which cannot be produced due to
the absence of a driving mechanism. The methods applied at this stage are termed as
EnhancedOil Recovery. Thesemethods can also be applied at the primary stage is the
oil is not mobile, as in the case of heavy oil. Processes such as gas injection, polymer
injection, steam flood, steam injection, etc., provides the heat to reduce viscosity and
also driving force to mobilize the oil at the bottom of the reservoir to increase the
production. This is achieved by injecting an external agent (liquids or gases) into the
reservoir to push the oil towards the production wells. There are several strategies
and methods to execute enhanced oil recovery techniques (thermal, chemical and
microbial EOR). Heavy oils being extremely dense and viscous are indispensably
subjected to heat treatment to unlock their movement. The interaction between oil
and nanomaterials has been an area of interest and its use in oil recovery has seen
quite a development. Especially, the treatment of heavy oil and heavy fractions has
seen substantial growth in terms of nanotechnology applications.

4.1 Interaction with Nanoparticles and its Effects on Heavy
Oil Properties

Involving nanotechnology in the field of heavy oil recovery is a way of exploring
efficient ways to implement the same process but with improved results. A clear
understanding of how these particles interact with the oil in reservoir conditions is
an area of extensive research. Their effects on parameters such as rheology of heavy
oil, compositional changes, etc., have been closely studied to obtain insight on how
to improve the processing of these oils. Metal and metal oxide particles have shown
considerable improvement in altering heavy oil properties. Heavy oil is a complex
mixture with a myriad of properties that influence each and every aspect of its flow
behavior. Heavy oils are laden with asphaltenes in the bulk which imparts them
with their semi-solid structure. Breaking or more technically called ‘cracking’ of
the asphaltene structure is the first step in making the oil more accessible to further
treatment. Cracking also distributes the long-chain asphaltene into lighter fractions
which increases the value of the oil.

4.1.1 Metallic Nanoparticles

Nanoparticles show intriguing behaviour when they are used for thermal treatments
of these heavy oils. Their effects in catalyzing the breaking of bonds in heavy oil
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Fig. 8 Asphaltenes (black
patch) forming clusters in the
presence of nickel
nanoparticles in heavy oil,
observed after
aquathermolysis (240 °C for
6 days) under a microscope.
Reprinted with permission.
Shokrlu and Babadagli
(2014). Copyright (2014)
From Elsevier

were first observed by Clark and Hyne in 1984. Further developments in identify-
ing the catalyzing properties of metals were found in the subsequent years. Their
effects on heavy oils were observed by Shokrlu and Babadagli (2014) in a series of
aquathermolysis reactions. Asphaltenes were found forming clusters on the surface
of nanoparticles (Cu, Fe andNi) of different diameters. This effect has been supported
bymany literature stating that the surface properties play a key role in causing cluster-
ing. Figure 8 shows the microscopic image of the clustering of asphaltenes observed
after aquathermolysis of heavy oil (14.7° API) in the presence of nanoparticles.

Asphaltene particles when present in the bulk oil show a charge distribution across
the bulk. Along with resins, they are polar in nature. They exhibit positive charge
in most cases but there have been instances in which they exhibit a negative charge
across a mixture (Azari et al. 2018). The nature of the asphaltene chains and the
presence of heteroatoms influence the charge distribution. Surface charges possessed
by nanoparticles influence the adsorption of asphaltenes (Patel et al. 2018). The
charge difference in the nanoparticles and asphaltenes causes the adsorption. When
asphaltenes come in contact with nanoparticle surfaces, the aggregation process
occurs. This aggregation lowers the charge on asphaltene aggregates thereby making
them stable (Azari et al. 2018) and less prone to attach back to the bulk of the oil.
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Figure 9 illustrates the surface activity and charge of nanoparticles attracting
the asphaltenes. Metallic nanoparticles are also excellent heat conductors (Eastman
et al. 2001) which when added to heavy oil can increase the heat flow in the oil,
effectively reducing the viscosity. Heat conduction due to dispersed nanoparticles
can facilitate faster reactions aiding in the reduction of viscosity and catalyzing the
aquathermolysis process.Dispersednanoparticles canbeused as nanofluidswith high
thermal conductivity. The agglomeration removes the asphaltenes from the bulk of
the oil which makes the oil less viscous. The cohesive forces between the asphaltene
molecules progress the agglomeration. This effect has been observed even in heavier
fractions such as bitumen and residual oils. Another approach by means of hydrogen
donors has been looked into to upgrade these residual and heavy oils (Del Bianco
et al. 1995). Upgrading by using hydrogen donors is an efficient way to improve the
Hydrogen/Carbon (H/C) ratio (Hendraningrat et al. 2014; Wang et al. 2012). Hydro-
gen donors are additional agents which provide hydrogen to improve hydrogen ratio.
Hydrogen donors can be solvents, hydrogen gas or hydrogen-producing bacteria
which can involve hydrogen into a system. Solvents can be utilized as an effective
means of providing hydrogen in heavy oil systems. Nanoparticles can make stable
emulsions with solvent mixtures to provide better action with heavy oil (Kumar et al.
2018). Figure 10 shows the viscosity reduction of heavy crude oil (Venezuela fields)
in the presence of carbon support nickel nanoparticles (Guo et al. 2017). They have
utilized a highly conductive form of carbon black (Ketjenblack) as a support to boost
the performance of nickel particles.

It is apparent from Fig. 10 that the viscosity reduction in the presence of hydrogen
gas has the highest impact. Nickel particles having carbon nanostructures as support
in the presence of hydrogen gas reduce oil viscosity by a greater margin.

Heavy and extra-heavy oils usually have a poor H/C ratio which makes them
more likely to form coke at high temperatures. Coke formation takes place due to
the reason that heavy oil undergoes a disproportionation reaction and produces an
unusual amount of carbon with little or no hydrogen. When the cleavage of the
C–S bond takes place during aquathermolysis, the removal of sulphur makes the
molecules undergo polymerization to form a higher molecular weight structure to
stabilize. By providing hydrogen, further polymerization remains in control and the

Fig. 9 Charge of nanoparticles affecting the asphaltene adsorption
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formation of intermediate structures becomes stabilized. Desulphurization process
is of importance because apart from the reduction of viscosity it reduces the sulphur
content thereby upgrading the oil (Guo et al. 2018). Thiophene is an active compound
found in the asphaltene structures and requires desulphurization to upgrade the oil.
Figure 11 shows the thiophene (heterocyclic aromatic) catalytic conversion under the
influence of cobalt and nickel nanoparticle of different sizes. The desulphurization
wasmore successfulwith nickel nanoparticles of smaller size. Nickel usually exhibits
a better catalytic activity due to being more electronegative in nature. The ability
of transition metal compounds to alter their oxidation states is of importance in
relevance with their catalytic activity. The common trend in the activity of transition
elements is a direct correlation to the element’s electronegativity playing a dominant
part in their roles as catalysts. As they can donate and accept electrons readily, they
serve as excellent catalysts for reactions. The surface and electrostatic properties of
nanoparticles are the main contributors to viscosity alteration mechanisms.

It is apparent from Fig. 11 that the size and concentration of nanoparticles are a
deciding factor in C–S bond breakage and the reduction of viscosity. Increase in the
size of nanoparticles directly result in an increase of the particle volume. Since the
reactions occur on the surface and not inside the bulk, the increased volume causes
hindrance and the effectivity is decreased. When the concentration of nanoparticles
in a fluid increases, the individual activity of attraction of particles comes into play
(Rudyak 2013). The attraction between the particles can be attributed to van derWaals
force of attraction. As the concentration of particles increases, the attraction between
the nanoparticles becomemore prominent than the interaction of the particles and oil.

Fig. 10 Effects of nickel nanoparticles with ketjenblack carbon support in reducing viscosity of
heavy crude oil. Reprinted with permission (Guo et al. 2017). Copyright (2017)



Interaction of Heavy Crude Oil and Nanoparticles … 245

Fig. 11 Temperature versus thiophene conversion under the influence of nanoparticles (Co, Ni) of
different sizes. Reprinted with permission (Guo et al. 2018). Copyright (2018)

As the oil viscosity reduces the entire oil molecule structure starts to slacken up. This
causes themovement of nanoparticles to becomemore erratic and prone to collisions.
There is a destabilization due to an increase in surface energy.At higher temperatures,
the reduction of oil viscosity can cause metallic nanoparticles to coalesce together to
form small aggregates (Hashemi et al. 2012). These aggregates can inversely affect
the viscosity of oils by causing a surge in the viscosity of the oil.

Nonetheless, metallic particles can effectively catalyze aquathermolysis to cause
a reduction in viscosity of oils. As the oil comes in contact with high-temperature
steam, viscosity reduction of oil occurs. This action can be coupled with the viscosity
reducing property of metallic nanoparticles in different injection schemes to further
improve the process. These particles can be used in reservoirs at the end stages of
the steam stimulation process to initiate more recovery of oil (Farooqui et al. 2015).
As recovery decreases at the end stages, nanoparticles can be used as a final drive to
recover the oil.

4.1.2 Metal Oxides

Other than metal particles, metal oxides are also effective in changing the property of
heavy oils. Metal oxides nanoparticles are capable of causing asphaltene deposition
on their surfaces.Metal oxides are rather easy to produce and can have better catalytic
life. Their catalyst potency lies in their charge distribution. Asphaltene deposition
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by the use of metallic oxides has been observed in many cases. Table 1 provides an
overview of the various nanoparticles used in the studies.

It is evident that transition metals and metal oxides are excellent in improving
the adsorption of asphaltene, reducing coke formation and increasing the catalytic
efficiency of cracking reaction. Apart from being able to suppress asphaltene pre-
cipitation, metal and metal oxide nanoparticles are effectively able to break sulphur

Table 1 Literatures involving various metal oxides and their impact on asphaltene processing

S. no. Nanoparticle Experimentation Results Source

1. Titanium oxide
(TiO2) in the
presence of an
electric charge

Upgrading of
asphaltenes

Charged TiO2
particles initiated
the degradation of
oil and achieved
catalysis and
breaking of heavy
fractions

Lai et al. (2017)

2. Oxides of Cerium,
Cobalt and
Manganese (CeO2,
Co3O4, MnO2)

Catalytic cracking
of residual oil by
the aid of
supercritical water
and synthesized
nanoparticles

Cerium oxide
particles were the
most stable during
supercritical water
cracking and had
the ideal
adsorption

Golmohammadi
et al. (2016)

3. Oxides of silicon,
nickel and iron
(SiO2, NiO,
Fe2O3)

Adsorption of
asphaltenes in the
presence of
n-heptane

Silicon oxide was
the most optimal in
adsorption with a
concentration of
2000 ppm followed
by nickel and iron
oxides

Kazemzadeh et al.
(2015)

4. Dispersed iron
oxide (Fe2O3)

In-situ catalytic
upgrading of heavy
oil

A decrease in
viscosity of the oil
and an increase in
API gravity and
lighter fractions

Al-Marshed et al.
(2015)

5. Iron oxide (Fe3O4) Catalytic oxidation
and adsorption of
thermally cracked
asphaltenes

Drop in oxidation
temperature (from
380 °C to 220 °C)
and decrease in
activation energy
increasing the
adsorption

Nassar et al. (2012)

6. Oxides of cobalt,
nickel and iron
(Fe2O3, Co3O4,
and NiO)

Steam cracking of
asphaltenes for
heavy oil
upgrading

Catalytic activity is
subject to
adsorption
effectiveness.
Nickel oxide had
the best adsorption

Nassar et al. (2011)
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Fig. 12 Catalytic conversion of asphaltenes during steam cracking process under the influence of
different nanoparticle oxides (nickel, cobalt, ferrous) used as catalysts. Reprinted with permission
(Nassar et al. 2011). Copyright (2011)

linkages. As discussed earlier, the dissociation energy of sulphur–carbon bond is
low and hence breaking of the bond can be achieved more rapidly by the addition
of nanoparticle catalysts. Metal oxides, due to their ability to change their oxidation
states more easily are an interesting candidate for asphaltene adsorption and crack-
ing. Figure 12 shows the conversion of asphaltene during steam cracking reactions
and how the presence of different nanoparticles effects the cracking temperatures
(Nassar et al. 2011). The asphaltene was extracted from Athabasca bitumen and was
subjected to adsorption and subsequent cracking process with nanoparticles.

It can be seen from Fig. 12 that the highest conversion effects were observed
in the presence of Nickel oxide nanoparticles. In case of asphaltenes adsorbed on
nanoparticles, the onset of cracking temperature was found to reduce with the highest
reduction observed in cobalt and nickel oxide nanoparticles when compared to iron
oxide nanoparticles and pure asphaltene. This is indicative of the fact that metal
oxides can readily provide a better reduction in activation energy to initiate asphaltene
cracking reactions.
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4.2 Effects of Dispersion on the Performance
of Nanoparticles

The means by which nanoparticles are introduced into heavy oil systems are also
important in determining the reduction of viscosity and upgrading of heavy oil. The
dispersion of particles in either the oil phase or water phase is crucial when it comes
to the interaction of these particles with the oil matrix. As the particles get dispersed,
the stability of the system increases which prevents the degradation of the catalytic
activity of the particles. The dispersion of the particles can be achieved in both oil
and water depending on the hydrophilic/hydrophobic or lipophilic/lipophobic nature
of the particles.

Metals and their compounds such as nickel and even the likes of molybdenum can
be dispersed using surfactants in water to be utilized for steam cracking processes
(Mironenko et al. 2017). Salts and other composites of transition metals also possess
the ability to catalyze upgrading operations. An example would beKeggin-structured
(heteropoly acid structure) catalysts which can aid viscosity reduction in aquather-
molysis reactions (Chen et al. 2009). The main advantages of these acids are that
they are re-usable acid catalysts and can increase the catalyst life. Water-solubility
of nanoparticles allows a simple dispersion. These particles can be directly utilized
in aqueous applications by forming emulsions and stable mixtures for thermal meth-
ods. Water dispersed particles, though effective, can cause a hindrance when their
effects are mediated in the presence of oils. In this case, oil-soluble catalysts can
allow much better dispersion in the oil phase and be more effective that the water-
soluble counterparts. Proper dispersion in the oil phase can improve the viscosity
altering effects during in situ processes. Oil-soluble nickel and cobalt are ideal at
producing catalyzing effects at low concentrations when used with hydrogen donors
for aquathermolysis process.

Certain types of catalyst nanoparticles which can be dispersed in both oil and
water called dispersed catalyst nanoparticles have shown remarkable performance
in recovery operations. These catalysts can be dispersed with the help of surfactants
or organic dispersants and have been found to be more effective than the usual oil-
soluble and water-soluble catalysts. These catalysts can be in the form of organomet-
als or suspensions of nanoparticles. Dispersed catalysts of nickel nanoparticles have
been used for the upgrading of heavy oil (Alkhaldi and Husein 2014; Li et al. 2007).
Effective aquathermolysis can be achieved in the presence of dispersed catalysts
because they can be dispersed in both oil and water. Since the dispersion in oil and
water is high, the contacting between these two can result in a better aquathermolysis
process allowing better cracking. Silica nanoparticles are extremely versatile as far
as dispersions are concerned. They can be dispersed quite efficiently in both oil and
water (Gavrielatos et al. 2017). They have excellent prospective in development for
heavy oil upgrading. They are a cheaper alternative to the metal and metal oxides
and are utilized widely.

The dispersions can also be made up of combinations of metals. Multimetallic
particles are something which is not common and these can be dispersed in heavy
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Fig. 13 Effects of ultra-dispersed catalyst (NiMoW) on recovery of vacuum gas oil at two temper-
atures (340 °C and 320 °C) with time from the sand pack experiment. Reprinted with permission
(Hashemi et al. 2013). Copyright (2013)

fractions. Multimetallic particles are more focused on incorporating the individual
properties of specific metals into a single particle. An example would be a mix-
ture of asphaltene adsorption properties of nickel and better hydrodesulphurization
properties of molybdenum and tungsten (Hashemi et al. 2013). Figure 13 shows the
recovery plots in a fluid flooding process involving vacuum gas oil (Nexen, Alberta)
in the case of ultradispersed (UD) trimetallic (NiWMo) colloidal nanoparticles.

It is evident from Fig. 13 that multimetallic nanoparticles are effective in colloidal
dispersions to recover heavy fractions. As the temperature increases, the effectivity
of the particles becomes more prominent in recovering the gas oil. At 340 °C the
vacuumgas oil recovery sees a plateauwhich is in contrastwith the increased recovery
through the dispersed catalyst at the same temperature.

The effectiveness of dispersed catalysts stems from the fact that apart from being
dispersive in both oil and water, they affect the interface and give a dynamic surface
for the temperature and water to break down heavy oil structure. The effectiveness of
individual nanoparticles can be increased by using them as emulsions and nanofluids.
Nanoemulsions (nanoparticles forming colloidal suspensions in fluids) have shown
prospective development in oil recovery experiments. They can be developed from
many types of nanoparticles which can be used for the formation of suspensions.
Other than thermal methods use of miscible injection coupled with thermal methods
has also been shown to improve oil recovery. They produce changes in interfacial
tension and altering the reservoir rock properties. Heat intensive processes are one of
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the best ways to obtain high recovery of heavy oil. However, there are other methods
that involve the use of injecting miscible gases and uses of solvents to treat heavy oil
have also seen a rise in the production of heavy oil.

4.2.1 Nanoparticle Stabilized Miscible Flooding

Miscible flooding operations and their impact are entirely dependent on the changes
in interfacial tension of the oil, reservoir rocks and the miscibility of the gas with
oil. Miscible gases cause swelling of oil which helps the oil inside pores to flow
more easily and allow better recovery. The arrangement of particles at the interface
controls the strength of the interfacial tension (IFT). IFT reduction is crucial for
processes such as miscible injections. The applicability of metal oxide nanoparticles
has pronounced effects on the IFT in the CO2 injection process for heavy oil and
CO2 upgrading systems. CO2 injection is an effective mechanism to reduce IFT in
heavy oil systems. CO2 dissolution also helps in lowering the viscosity of heavy
oils (Hu et al. 2015) and is usually employed in an alternating miscible scheme
to recover oil. The only limitation being the precipitation of asphaltenes because
of CO2. They reported that the addition of metal oxide nanoparticles in tandem
with CO2 injection gave a significant reduction in IFT. Even at higher asphaltene
contents, the reduction of IFT was appreciable. Figure 14 depicts the IFT reduction
with increasing asphaltene content in the presence of nanoparticles with different oil
samples (various API ranging from 16 to 26) obtained from various oil reservoirs in
Iran (Kazemzadeh et al. 2018). Figure 14b depicts that nickel oxide particles exhibit
a steady decrease in IFT as the asphaltene content increase. The charge distribution
of nickel oxide is effective in attracting asphaltenes away from the interface, thereby
reducing IFT. The deposition of asphaltenes on the surface of metal particles allows
more room for IFT reduction which in turn allows more CO2 to get miscible with
the oil hence improving the sweep of oil.

Another strategy to use CO2 is in the form of foam. The foam helps in increasing
the sweep and reduce mobility ratio. Foam also acts as a gas blocking agent which
further helps in the recovery of oil. Foam injection coupled with other EOR tech-
niques can give very effective results in mobilising oil. Consequently, to improve
the efficiency of CO2 foams, nanoparticles can be used as stabilizers to maintain
the foam structure inside the reservoirs. The stability of foams can be improved
to achieve better effects in the distance up to which the foams can propagate in the
reservoir. The hydrophilic/hydrophobic nature of nanoparticles helps in the stabiliza-
tion of CO2 foam. Occupancy of nanoparticles at the CO2 interface provide thermal
stability to the foam at reservoir temperatures (Espinosa et al. 2010). Nanoparticle-
stabilized foams can provide a better sweep at a pore scale-level, which can result
in the increased overall recovery of oil (Nguyen et al. 2014). The use of nanofluids
in an alternating slug injection pattern coupled with CO2 also results in inhibition
of asphaltenes. Lu et al. (2016) observed that asphaltene precipitation can be inhib-
ited by asphaltene adsorption on Al2O3 nanofluids. Using the nanofluids slug in
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association with CO2 flooding can increase the adsorption at high concentrations of
nanofluid.

4.2.2 Applications in Areas of Flow Assurance

Fig. 14 Effect of nanoparticle dispersion: a Reduction in IFT of different API oils; b Reduction in
IFT versus Asphaltene content (%) of the four oil samples. Reprinted with permission (Kazemzadeh
et al. 2018)
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Areas of flow assurance also face the disruption of processes caused by heavy oil
transportation. Flow assurance deals with the efficient flow of recovered hydrocar-
bons from the reservoirs to the processing industries. Flow assurance has become
an important term in the production process of oil transportation scenario owing to
the need for ensuring the smooth working of the processing facilities. Difficulties in
flow assurance operations (asphaltene deposition, hydrates, wax deposition, etc.) can
cause major problems on a large scale. Problems in flow can cause processing delay
which can lead to loss of capital. Heavy oils especially due to their viscous nature
and asphaltene deposition cause flow stringencies. They get deposited on the inner
surface of pipelines forming large blockages and restricting flow. Different mech-
anisms exist to counter the problems of asphaltene deposition such as solvent and
asphaltene inhibition treatments but these techniques become troublesome at subsea
levels.

Few applications have been sought out using nanoparticles and their properties to
find a solution to these problems. Nanofluids can be used as asphaltene inhibitors to
control the precipitation. Mohammadi et al. (2011) have tested the asphaltene inhi-
bition qualities of silica-, zirconium- and titanium-based nanofluids and found that
titanium oxide nanofluids were effective in controlling asphaltene precipitation at
acidic conditions. Owing to the hydrogen bonding caused between the nanoparticles
and asphaltenes, the precipitation is limited. The use of heating to keep the flow in
check has also been explored through the use of paramagnetic nanoparticles for sub-
sea pipelines (Mehta et al. 2014). It has been observed that nanoparticles exhibiting
paramagnetic behaviour generate heat when under the influence of a magnetic field.
These can be developed to provide temperature control over the flow of hydrocarbons
inside the pipe. Such innovative solutions in the field of flow assurance have seen
steady growth, allowing further optimal processing.

4.3 Challenges in the Application of Nanotechnology

Nanomaterials certainly have their advantages and potential in the field of heavy
oil recovery. Excellent use as catalysts in enhancing the existing EOR techniques
is significant merit. However, limitations can be found in the applications which
can negatively impact the process economy. Fabrication processes of nanomaterials
are quite expensive which makes them a priced commodity. It is evident that EOR
operations require the injection of copious volumes of stimulants into the reservoir to
extract oil. Injection of nanomaterial-based stimulants can affect the economy of the
process. This heavily affects the application of nanomaterials on operational terms.

Introducing nanoparticles in the reservoir is a dicey gamble when it comes to the
recovery of these particles. Obtaining these particles back from the reservoir can
pose a major challenge as the particles, if once injected, may not be recovered com-
pletely. Applications involving the extraction of magnetic particles have been under
development which can effectively recover a certain degree of particles. Extracting
particles from recovered oil should also be a viable option to improve the recovery
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of nanoparticles. Another challenge is the aspect of reusability. Reuse of particles
should be an option that can guarantee a longer process life. The life of the particles
should be high, as the time period for production can vary and the particles should
be functional for a long time.

5 Conclusion

Nanotechnology is just beginning to find its applications in oil recovery operations,
more so in heavy oil recovery. Tackling different problems of fields related to, pro-
duction processes and reservoir geology is something which is being constantly
improvised to find better solutions. Nevertheless, nanomaterials have shown poten-
tial in altering the properties like viscosity and sulphur content of heavy oils. Their
extraction processes can certainly be optimized to ensure a better recovery and pro-
vide a new outlook at the production of heavy oil. Heavy oil is certainly the next
step in catering to the increasing fuel requirements. Field applications of utilizing
nanomaterials are on the run. Identifying new and efficient strategies can positively
unlock reservoirs of heavy oil to harness and sustain the energy needs.
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Application of Nanoparticles-Based
Technologies in the Oil and Gas Industry

Rellegadla Sandeep, Shikha Jain and Akhil Agrawal

Abstract The demand for energy is inclined toward staggering heights worldwide
and is proportional to the requirements of crude oil for satisfying energy needs.
Globally, pollution has created a menace in each and every portion of the society we
look at. Therefore, much of the today’s technology is focused on making the process
much economical and sustainable, thereby lowering pressures on environment. Nan-
otechnology has provided options to enhance such possibilities by contributing to
more economical, highly efficient and sustainable approaches with environmentally
favored technologies than those conventionally available. This chapter addresses
such roles of nanotechnology in different jobs played around the oil and gas indus-
try, such as exploration industry, drilling and production, refining and processing,
and in enhanced oil recovery. Besides, the different types of nanomaterials such as
nanoparticles, nanoemulsions, nanosensors and nanofluids available for these appli-
cations have been discussed. Moreover, the mechanisms which reflect the activ-
ity of these nanomaterials have been explained individually. The chapter discusses
how nanotechnology-based technologies can achieve more efficient, effective and
potential impact in the oil and gas industry.

1 Introduction

Hydrocarbons are till date contributing toward fulfilling a larger segment of energy
demands around the globe. Research for sustainable alternatives has not got its pace
and theworld still relies on fossil fuels for the energy needs. Hence, methods employ-
ing ways for efficient recovery of crude oil can help utilize these energy resources in
a sustainable way. Emerging nanotechnologies, such as the development of nanopar-
ticles and nanofluids, offer such a solution and have found its roots in the field of
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oil production. Today, there are different nanomaterials that have been developed
for stimulating the increase in the recovery of the crude oil in a much efficient way,
compared to available methods. Oil is recovered primarily by using the earth geo-
logical pressure, known as primary recovery (Rellegadla et al. 2017). With time the
amount of oil recovered reduces with decreasing pressure. At this moment a vari-
ety of injected fluids like water is injected for enhancing the sweep efficiency of
the displacing fluid. Although the recovery of crude oil increases till 35% of the
original oil in place (OOIP), but with time it gradually decreases due to increased
viscous fingering (Rellegadla et al. 2017). Tertiary methods known as enhanced oil
recovery are later employed at this point for increasing the recovery of residual oil in
place. A number of tertiary methods have been developed for increasing the recovery
potential. Owing to the reservoir heterogeneity issues, different types of enhanced
oil recovery methods are currently been used in the fields to recover crude oil.

The three major types of tertiary recovery methods used currently are (Alvarado
and Manrique 2010; Ayatollahi and Zerafat 2012; Kong and Ohadi 2010; Silva et al.
2007; Viebahn et al. 2015):

Thermal Methods—Thermal methods involve introducing heat in the bottom-hole
of the heavy oil reservoirs to promote crude oil mobility by affecting its physical
properties (lowering of density and viscosity). There are different thermal methods
such as cyclic steam simulation, steam assisted gravity drainage (SAGD) and steam
flooding.

Chemical Methods—Chemical flooding involves altering the properties of the
injected fluids. Secondary flooding results in increase of viscous fingering, thereby
lowering the efficiency of the recovery potential. Henceforth, long chain polymers are
added to the injection water to increase the viscosity of the drive fluid with improved
sweep efficiency. Besides, surfactants are also added to the injection fluid to lower
the interfacial tension (IFT) of the oil–rock interface and alter wettability of the rock
surface toward water wet.

Gas Methods—Different gaseous hydrocarbons (such as methane, propane or nat-
ural gases) and non-hydrocarbons (N2 or CO2) are injected into the reservoir during
gas flooding. These gases dissolve in the oil layer and further reduce their viscosity
by expanding its volume leading to increased recovery.

But all the above-mentioned methods have their own limitations. Cost of appli-
cation is a common issue for thermal and chemical methods. Besides, low thermal
conductivity of reservoir rocks and fluids, an escape of heat in a two-stage process,
that is, during flooding from heat generator to the reservoir and loss to undesired
layers create an issue during steam flooding. Formation damage can be a big issue
during chemical flooding due to incompatibility issues. The injected chemicals could
have lower effect on IFT and wettability alteration, whereas during gas flooding fin-
gering can occur at bottom-hole leading to early breakthrough. Besides, deposition
of asphaltene has been reported during gas flooding. In brief, summarizing the effects
of the above-mentioned processes includes many advantages, such as decreasing oil
viscosity, improved mobility, lowering IFT, wettability alteration, oil expansion and
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emulsification activities. However, there are many important challenges still faced
by these methods.

Nanoparticles-enhanced oil recovery or NEOR is a novel technique, currently
developed to overcome the limitations of such earlier applied methods. Different
types of nanoparticles have been synthesized till date, and the process for their appli-
cation in increasing the efficiency for oil recovery has started. The oil-producing
companies today face peer pressure due to the reduced efficiency of available tech-
nologies to recover crude oil to meet the energy demands. Also, new geological
discoveries are taking place and require more intricate technologies for the produc-
tion of crude oil in order to maximize the recovery potential. Nanotechnology has the
capability of increasing the potential of both the upstream and downstream processes
of the oil industries. It provides a wide range of materials and processes to be applied
in the oil fields. Such novel techniques employing the nanomaterials for different
oil processes have been explored in laboratory simulated conditions, as well as been
developed for the field processes.

Nanoparticles (NPs) are particles in the nanodimensions with size ranging from
1 to 100 nm. These particles offer many advantages in the field of oil recovery.

Nanodimensional Size: The major problem faced during enhanced oil recovery is
the recovery of crude oil from thief zones. These areas are the small pores in the oil
that are trapped and not mobilized in the continuum of drive fluid. Though it appears
to be a smaller segment of the reservoir but as a whole it contributes to a larger part
of residual oil in place (ROIP). Besides, such spaces are also held responsible for the
trapping of injected chemicals, thereby leading to the damage of the formation by
reducing formation permeability and increasing the economics of flooding (Ahmadi
et al. 2011).

The nanoparticles used commonly for the application of EOR range in the dimen-
sions of 10–100 nm (SiO2, TiO2, Al2O3, etc.), which is smaller compared to the pore
throats or thief zones (Alomair et al. 2014). Hence, the NPs improve the flooding
potential through the porous media without reducing permeability and increasing
recovery from thief zones. Altogether, NPs can increase the microscopic sweep
efficiency with increased area of contact.

Increased Area of Contact (High Surface to Volume Area): With reduced size,
the NPs have a larger surface area and therefore have a larger area of contact in the
swept zone. For the same volume and mass of the sample, the number of particles
increases with reducing size, thereby increasing the overall surface area contributed
by the particles. This increased surface area increases the proportion of atoms on the
surface of NPs (Zhang and Liu 2001).

Lower Cost of Application with Reduced Pressure on Environment: A wide
range of chemicals have been applied in the oilfields as a part of chemical enhanced
oil recovery process. These injected fluids possess risk to the environment affecting
the bottom-hole as well as in the produced water. Besides, the cost of application of
such chemicals is higher, and therefore, it further raises the economics of the overall
recovery. Application of NPs and nanofluids is cheaper and offers advantage to such
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limitations (Sun et al. 2017). Also, NPs are environmental-friendly, such as silica
nanoparticles that has been reported in many field trials. Silica is a component of
sandstone and therefore the process is cheaper.

There are immense literatures about the applications of different types of nanopar-
ticles in medical and biological applications. The use of nanoparticles is now advanc-
ing to different areas as well. The current trends show the nanoparticles are gaining
applications in the oil field processes. But a lot of principles and techniques go into the
oil field processes and require modification of existing nanotechnology suitable for
unique nature of the reservoirs. Many different nanoparticles have been synthesized
for these purposes with a large number of field trials as well. This chapter identi-
fies such potentials of the nanoparticles as well as their characteristics responsible
for EOR. Additionally, the use of nickel nanoparticle for increasing the recovery
potential of polymer flooding has been mentioned as an example for novel EOR
method.

2 Research on Nanotechnology Application
in the Petroleum Industry

Nano-sized materials have revolutionized the petroleum industry in processes both
upstream and downstream, starting from the exploration, drilling, and leading to the
production of crude, and processes involved in improving the existing technologies,
that is, EOR, as well as for the refinery processes.

2.1 Nanotechnology in Exploration Industry

The rising demands for energy have now raised the needs for exploration of hydro-
carbons inmore challenging reservoirs, and further development of new technologies
for use has been proposed. Therefore, the use of techniques which are more econom-
ical and sustainable and employing methods that are more technically advanced than
conventional approaches are highly encouraged. Nanotechnology provides a solution
to such problems with the development of “nanosensors” which are in the pace of
development for geo-exploration by seismic characterization, data interpretation and
formations evaluations characterized by conditions prevailing in oil-bearing strata
(Bera and Belhaj 2016).

When NPs are injected into the reservoir, few of them passes through the pores in
the reservoir rocks, while others get adsorbed onto the surface. The information of the
physical properties of the rock and 3D spatial arrangement of the formation can be
derived from the analysis of these adsorbed NPs (Kapusta et al. 2011). Furthermore,
the core and surface characteristics of NPs can bemodified bringing about significant
changes in the various properties of the NPs. These optical, magnetic and electrical
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properties can be enhanced for making them suitable candidates as nanosensors or
imaging materials (Bennetzen and Mogensen 2014).

A number of researchers have also found such novel applications of NPs as
nanosensors. In 2007, Song et al. developed the use of hyperpolarized silicon NPs as
nanosensors in oil and gas exploration (Song and Marcus 2007). These hyperpolar-
ized NPs were tested and were found to be promising from the results in bio-medical
engineering as alternative tracker particles for magnetic resonance imaging (MRI)
(Cassidy et al. 2013; Schröder et al. 2006). Jahagirdar proposed the detection of
oil microbes in the formations using nano-optical fibers based on the principle of
Raman spectroscopy (Jahagirdar 2008). As microbes have characteristics specific to
their environment, this method can be utilized to measure the reservoir properties
such as pressure, temperature and salinity indirectly. Li et al. patented the technol-
ogy for real-timemonitoring of two-dimensional analysis for oil reservoir evaluation,
using carbon nanostructure and surface sensors (Li and Meyyappan 2011). Besides,
magnetic NPs have been applied for detecting flood front and oil–water interfaces
(Al-Shehri et al. 2013). Similarly, Rahmani et al. applied superparamagnetic NP for
tracking the drive fluid front using a magnetic sensing method (Rahmani et al. 2015).

Nanorobots have also made significant advancement and are most recently used
for oil and gas exploration (He et al. 2016). Liu et al. had successfully used a nanode-
tection device which combinedwith a reservoir sensor andmicro-signal transmission
helps in detection of geological strata (He et al. 2016). All these studies demonstrate
that NPs have the potential to be applied for characterization of the reservoirs and
exploration of hydrocarbons.

2.2 Nanotechnology in Drilling and Production

With the decline in the oil production rates over the year throughout the globe, the
oil and gas exploration and production industry have now increased the focus on
technological advancements. Owing to higher challenges faced at operational depth,
increased complexity of drilling projects, associated subsurface geo-hazards with
increasing depths, complex wellbore profiles, length of horizontal and number of
laterals departure to maximize production are a number of factors that limits the
operations of current drilling and production technologies (Kong and Ohadi 2010).

Owing to recent advancements, nowadays oil and gas E&P industries are look-
ing for alternatives that are smaller in dimension, chemically and thermally stable
(withstand harsh reservoir conditions), biological in nature, environmentally friendly,
polymer or other natural products that can be constituted as smart fluids for use in
both drilling and production. As for the future production, Amanullah and Ashraf
(2009) acknowledge the increase in number of recoveries from deep water reserves
(40–50% of future oil recovery) compared to onshore reserves (Amanullah and Al-
Tahini 2009). Such type of reserves requires different operating conditions than nor-
mal drilling and production projects. The drilling hazards are more due to complex
reservoir nature as it involves shift from vertical to horizontal drilling, and increased
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operational depth, the existing drilling and well stimulation fluids are not stable and
perform poorly. Conventional drilling programs (macro- or micro-material-based)
are partially successful in overcoming such limitations. Besides, drilling industries
require new improved, stable, lightweight, rugged structural materials for a number
of applications (reduced weight of offshore platforms, energy efficient vessels and
better performing drilling parts) (Krishnamoorti 2006).

Currently, nano-based materials which can sustain its intrinsic properties at high
temperatures and pressures, abrasions, corrosiveness and other harsh environmental
conditions are been employed. The drilling mechanical parts, equipments and plat-
forms are coatedwith suchmaterials composed ofNPs for improving their properties.
These coatings provide resistance toward corrosion, wear and abrasions, shock proof,
thermal conduciveness and reduced wetted state. Oil well cements in deep wells also
require materials with good qualities and properties. Silica and Fe2O3-based NPs are
especially used for this purpose and are widely applied in increasing the strength of
portland and belite cements (Li 2004; Xu et al. 2003).

Besides, custom-made functional nanomaterials have revolutionized the applica-
tions ofNPs in the field of oil and gas industries. These tailoredNPs aremanufactured
with custom natures, ionic properties, physical shapes, sizes, charge densities for a
variety of application in drilling and well stimulation-related functions. These fluids
are also known as “smart fluids” which provide additional benefits, such as wetta-
bility alteration behavior, drag reduction and consolidated sand binders (Chaudhury
2003; Wasan and Nikolov 2003). These superfine powders and nano-sized particles
improve the drilling process and lower the risk of damage to reservoir rocks. This
further increases the recovery percentage of crude oil (Esmaeili 2011).

2.3 Nanotechnology in Refining and Processing

High sulfur content and increased CO2 emissions are two of the major problems
faced by the refining and processing industries today. Fuels that are cleaner and
reduce pressure on environment are highly encouraged. Hence, refineries are under
peer pressure to increase their yields while utilizing fewer resources (steel, energy
and CO2). Heavy organic components in the crude oil are yet another limitation. In
order to reduce their energy footprints, the oil refineries are currently working on new
technologies that can reduce the costs while meeting the new emissions standards
laid by various environmental protection agencies.

From the past decade, nanotechnology has made significant contributions to the
refining of crude and conversion of fossil fuels. Nanofilters are developed that signif-
icantly changed the downstream refining processes. Mesoporous catalyst (MCM-41)
is one such example. These nano-sized filters and particles help adsorb and remove
harmful toxic substances such as various oxides (nitrogen oxides, sulfur oxides)
related acids, anhydrides and mercury from the soil and water (Kong and Ohadi
2010). Furthermore, nanomembranes are been developed that enhance separation of
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the gas streams and oil impurities from the oil. Nanotechnology also contributes to
the carbon capture and storage to long terms.

Upgradationof heavyoil andbitumenon-site is nowpossible due to applications of
nanotechnology (Ying andSun1997).Highdensity andviscositymakes it difficult for
their transport for refining and are therefore converted with the help of nanocatalysts
on-site, making the process simpler and friendlier. These nanocatalysts also increase
the refining efficiency including for sour crude oils and extra heavy oils (Esmaeili
2011). Additionally, nanosensors are also been used for improved monitoring of the
refining process.

2.4 Enhanced Oil Recovery

The worldwide demand for energy is tremendous and meeting the needs globally is
the primary challenge of oil and gas industries. However, the number of oil-producing
wells around the globe is declining that has left the E&P industry with two options:
Either to promote discoveries of new oil fields or improve the oil-producing efficien-
cies of existing mature oil fields. Enhanced oil recovery (EOR) is highly addressed
for solving this problem as conventional methods fail in recovering two-thirds of the
crude oil left in many of the world’s reservoirs. Three different categories have been
formed with successful history of EOR: (1) Thermal recovery, involving injection of
steam to reduce the viscosity of the heavy oil and improving the flow of the highly
viscous oil, (2) Gas injection, involving injection of gases (CO2, nitrogen) which
expand bottom-hole in the wellbore region promoting recovery of residual oil, the
gases also dissolve in the oil whereby reducing the viscosity and promoting flow,
(3) Chemical EOR, involving injection of polymers to improve the sweep efficiency
of drive fluid, and injection of surfactants which lowers interfacial tension and sur-
face tension of the oil–water interface increasing the efficiency of the water flood
(Rellegadla et al. 2017). Nanoparticles offer a broad range of mechanisms which can
improve the crude oil recovery with a better efficiency. NPs can improve the geo-
mechanics of the reservoir by lowering the surface tension of oil, altering wettability
of reservoir rock surface. The injection fluid (water, CO2, surfactant solution) viscos-
ity can be improved with addition of NPs, thereby improving mobility, increasing
oil recovery efficiency. Shah (2009) found that the viscosity of CO2 increased to
140 times when 1% CuO NPs were added to it with small amount of dispersants
(Shah 2009). Besides, NPs have also found their use in stabilizing emulsions. Emul-
sification helps increase recovery efficiency, and emulsions stabilized with NPs can
withstand higher temperatures and harsh reservoir conditions for prolonged periods
of time. There are a number of other mechanisms which the NPs use for enhancing
the EOR processes. The oil and gas industries extract benefits from suchmechanisms
of the NPs which are discussed further in the preceding sections.
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3 Role of Nanomaterials in EOR

There are different types of nano-assisted EORmaterials that have been applied in oil
fields for increasing the efficiency of the oil recovery processes. These can be used
as nanofluids/nanoparticles, nanoemulsions and nanocatalysts. All these nano-sized
materials have solved different purposes during the EOR recovery. A lot of different
mechanisms go into the process during the recovery of crude oil.

3.1 Nanofluids/Nanoparticles

The key reason for the nanoparticles having a tremendous potential in the field of
oil recovery is its size, which allows it to freely flow in the reservoir without getting
retained/adsorbed due to straining (Ko and Huh 2018). They have been used for a
wide variety of upstream and downstream oilfield applications with the synthesis in a
wide variety of size ranges and tailoredwith different surface coatings.NPs have been
employed as stabilizers, for improving the mobility of hydrocarbons, formation of
emulsions for better recovery, CO2 foams, constituting formulation of drilling fluids
and altering rock surface wettability for improved oil recovery. Nanofluids, on the
other hand, are base fluids (water, oil or gas) that are composed of NPs ranging in
size below 100 nm in a colloidal suspension (El-Diasty and Ragab 2013; Sun et al.
2017). In general, these nanofluids are prepared in water or brine to improve the
efficiency of secondary flooding. Both NPs and nanofluids have been studied widely
and a number of mechanisms have been explained for their role in EOR.

3.1.1 Pore Throat Plugging

Plugging of the porous media channels occurs due to two different mechanisms, log-
jamming and mechanical entrapment (Skauge et al. 2010). These mechanisms can
prove beneficial to the NEOR application or can be a limiting process for the same.
Mechanical entrapment occurs when the dimensions of the pore throats are smaller
compared to the sizes of the injected EOR materials. However, the dimensions of
NPs are usually in nanometers and smaller compared to the sizes of the pore throats
that are in micrometers. Moreover, some of the NPs synthesized from metal ions are
larger in size and can block the pore channels resulting in reduced efficiency ofNEOR
(Hashemi et al. 2013; Zamani et al. 2012). This issue can be avoided during the initial
evaluation of NEOR fluid in laboratory studies in oil field simulating sandpacks or
during core flooding studies.

Log-jamming, on the other hand, occurs during the flow of nanofluids and NPs
when the sizes of the pore throats are smaller than the sizes of the NPs (Sun et al.
2017). It leads to accumulation of the NPs at these pore throats creating a bulk
pressure difference with narrowing of the pore channels. This leads to the increase
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in the velocity of NPs drive fluid. This further improves the efficiency of the drive
fluid and the overall NEOR process. When there is a blockage of the pore throats it
raises the pressure of the adjacent pore throats. This increased differential pressure
pushes the oil trapped in the pore throats out in the continuum. As the trapped oil
is mobilized, the pressure drops and the blockage of the NPs is released, thereby
bringing the NPs back in the flow. Both these phenomena depend on the size and
concentration of the NPs, flow rate and dimensions of the pore throats.

Also, few of the researchers have also used a combination of polymeric micro-
spheres and nanospheres for reducing water cut and improving sweep efficiency
(Cheraghian et al. 2013; Cheraghian and Hendraningrat 2016; Cheraghian and Tar-
dasti 2012; Tian et al. 2012). When the combination of these two contacts, they get
swelled up in the formation, which reduces thewater permeability through the porous
media and change the path of water flow. This results in the flow of water to bypass
the area and enhance the oil displacing efficiency (Cheraghian and Hendraningrat
2016).

3.1.2 Lowering of the Interfacial Tension

A majority of the oil fields discovered till date are carbonate formations. The effi-
ciency of water flooding in these reservoirs is lower due to the existence of the micro-
scopic trapping andmacroscopic bypassing (SharmaandMohanty2013;Sheng2013;
Souayeh et al. 2018). Interfacial tension determines the flow behavior and distribu-
tion in the porous media. The reduction of IFT enhances the oil recovery potential
by lowering the capillary forces (Zhang et al. 2010). A number of nanoparticles have
been found to lower the IFT, contributing as a major mechanism toward EOR. The
IFT between the equilibrated oil and the NPs is measured using the pendant drop
method in goniometry or with the help of spinning drop tensiometer (Cheraghian
and Hendraningrat 2016). The value of IFT is measured by analyzing the surface
of a drop from the thin capillary tube using a high-resolution camera and image
analysis software. The dimensions of the oil drop help derive the IFT values using
the Young–Laplace equation.

The decrease in IFT values between the crude oil and different types of NPs has
been mentioned by a number of researchers. Hendraningrat et al. (2013) had mea-
sured the IFT using synthetic oil and NPs dispersed in the brine. They had reported a
decrease in IFT (14.7–9.3 mN/m) which further reduced t from 9.3 to 5.2 mN/mwith
increasing concentration of NPs. Their results showed that an increasing concentra-
tion of NPs decreases the IFT showing sensitivity toward NPs concentration. Li and
Parvazdavani found that the SiO2 NPs have a more impact toward IFT reduction than
alteration of surface wettability of reservoir rocks (Li et al. 2013; Parvazdavani et al.
2014). Recently, a number of studieswere conducted evaluating the potential ofmetal
nanoparticles (Al2O3, MgO, Fe2O3, TiO2) (Cheraghian and Hendraningrat 2016).
Alomair et al. had evaluated the efficiencies of different nanoparticles (Al2O3, NiO
and SiO2) and had found that NiO had reduced the IFT to lowest values while SiO2

had the lowest IFT value. However, some of the researchers have found good results
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with a combination of nanoparticles compared to using silica-based nanoparticles
(Cheraghian and Hendraningrat 2016).

Few of the researchers have also studied the blends of nanoparticles and sur-
factants. Le et al. had studied such combination using SiO2 NPs for EOR in high
temperature reservoirs (Le et al. 2011). Resasco et al. had found more interesting
results (Resasco et al. 2015). Their studies showed that when a mixture of nanopar-
ticles and anionic surfactants is used for EOR, the reduction in IFT is 70% more
compared to the sole use of surfactant. The increased adsorption of nanoparticles
modifies the interfaces of oil and water, thereby reducing the IFT (Munshi et al.
2008; Ravera et al. 2006).

3.1.3 Wettability Alteration

The term wettability reflects the tendency of a liquid to adhere to a solid surface
while competing with another immiscible liquid (Le Van and Chon 2016). In the
context of oil fields, wettability alteration refers to the change of the reservoir rock
surface toward water wet (Mohammed and Babadagli 2015). It is an important factor
that affects the oil recovery process by influencing capillary pressure, relative per-
meability and fluid saturation (Sun et al. 2017). In general, the efficiency of crude
oil recovery decreases when the surface of reservoir rock becomes more oil wet.
Several different thermal and chemical EOR methods have been proposed that alter
the wettability of rocks toward water wetness, although this ability depends upon the
characteristics of rock mineralogy and that of brine and oil composition. Besides,
because of reservoir heterogeneity, the potential of wettability alteration depends
upon the crude oil interaction of the crude oil with the rock and brine that differs
from reservoir to reservoir (Mohammed and Babadagli 2015).

Wettability alteration occurs by changing oil, brine and rock characteristics due
to two different mechanisms: coating and cleaning (Giraldo et al. 2013). Coating
results in the covering of the oil wet surfaces by a water wet layer such as that of
surface active agents and NPs. For example, certain NPs are hydrophilic in nature,
such as zirconium nanoparticles (Karimi et al. 2012). Cleaning occurs due to surface
active agents such as cationic surfactants that wipe out the oil wet layers rendering
the surface more water wet (Standnes and Austad 2000). A combined effect was also
noticed when a mixture of anionic surfactant and alumina NPs was used (Giraldo
et al. 2013).

A number of wettability alteration measurement techniques are used, such as
contact angle measurement (CAG), spontaneous imbibition (SI), zeta potential mea-
surement (ZPM) and surface imaging tests (atomic force microscopy, SEM, NMR).
CAG is the measurement of the point at which oil and water interface meets at rock
surface. It is used to monitor the altering wettability of the surface by measuring the
shift of the affinity of rock surface toward one fluid than another in an advancing
manner (Morrow 1990). Magzhi et al. had used CAG approach to monitor change
in wettability of glass surfaces coated with SiO2 nanofluid and oil with different
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viscosities (Maghzi et al. 2012). They had reported that the wettability was altered
toward water-wet state regardless of the viscosity of the oil on the surface.

SI monitors determine the ability of the wetting phase to displace the non-wetting
phase (Mohammed and Babadagli 2015). ZPM monitors change surface charges; a
shift from positive to negative potential reflects the altering wettability of the sur-
face during treatments with anionic surfactants (Hirasaki and Zhang 2004). Imaging
techniques help giving insights of the microscopic view of the surface to moni-
tor change in wettability (Karimi et al. 2012; Schembre et al. 2006). For example,
Karimi et al. had shown using SEM images and EDX (energy-dispersive X-ray) that
NPs get adsorbed on the surface of calcite forming nano-textured surfaces (Karimi
et al. 2012). Similarly, in order to visualize the surface of rock after treatment with
NPs, Al-Anssari et al. used SEM–EDS and AFM measurements and observed the
homogenous distribution of NPs after nanomodification of surface (Al-Anssari et al.
2016; Nikolov et al. 2010).

Amott test and core displacement tests are also used for the evaluation of the
wettability alteration characteristics. Amott test involves the measurement of the
volume of fluids that is spontaneously or forcibly imbibed by a rock sample. It
is measured by calculating wettability index (Iw) as mentioned in the following
equation:

Iw = Vo1

Vo1 + Vo2
− Vw1

Vw1 + Vw2

where Vo and Vw denote the volume of oil imbibed and the volume of water drained
during the process, respectively. The subscript “1” represents spontaneous process
and “2” means forced displacement process. The values of Iw range from −1, rep-
resenting as complete water-wet state, 1 as oil-wet to 0 as neutral wettability of the
surface (Sun et al. 2017). Li et al. had performed Amott test to monitor the change in
wettability of rock surface after treatment with SiO2 NPs (Li et al. 2013, 2015). They
had reported the change in wettability of sandstone surface from oil wet to neutral
wet. Roustaei et al. had used SiO2 NPs for altering wettability of carbonate cores
and also found similar results (Roustaei and Bagherzadeh 2015). The results were
consistent when Al-Anssari et al. had used SiO2 nanofluids and found the wettability
altered to a mixed wet state (Al-Anssari et al. 2016).

Core wettability also helps determine the wettability alteration by analyzing the
changes the residual water saturation, oil relative permeability and the point where
the oil and water relative permeability are equal (Sun et al. 2017).

3.1.4 Improving Sweep Efficiency

Craig in 1971 has suggested that the oil recovery efficiency depends upon volumetric
sweep efficiency, which can be defined by the following equation (Craig 1971):

Er = Ed × Ev
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where Er is the recovery efficiency expressed as a fraction of the OOIP, Ed is the
microscopic oil displacement which reflects the total volume of oil displaced by a
unit segment of rock and Ev is the volumetric sweep efficiency which represents the
total volume of the reservoir that is in contact with recovery fluid. Hence if the sweep
efficiency gets lowered, it further reduced the amount of oil recovered (Rellegadla
et al. 2017). Further, the poor sweep efficiency results from the difference of oil
and aqueous phase mobilities. The water tends to move faster compared to oil and
therefore results in thewater reaching the productionwell faster than oil. Themobility
ratio of oil and aqueous phase is expressed as:

M = (kwµo)

(koµw)

whereM is themobility ratio, kw is the relative permeability of aqueous phase (water)
in the water flooded region, ko is the relative permeability of the oil in oil-saturated
region and µo and µw represent viscosity of oil and water, respectively. When the
mobility ratio increases due to water channeling through the same pathways, time
(viscousfingering) and again it leads to a decrease in the amount of area swept (Abidin
et al. 2012). This causes a poor conformance and poor sweep efficiency and thus
results in a lower recovery potential. However, when the mobility ratio is <1 it favors
a higher recovery of oil with improved sweep efficiency by a uniform displacement
of drive fluid (Rellegadla et al. 2017). NPs provide a solution to the above problem
by increasing the effective viscosity of the drive fluid, thereby promoting favorable
mobility ratios. Rellegadla et al. had found an increase in the viscosity of the xanthan
solution when a mixture of xanthan and nickel NPs was used as injection fluids for
EOR (Rellegadla et al. 2018). Shah et al. had found an increase in viscosity 140 times
of CO2 nanofluids (CuO NPs in CO2 gas phase) compared to CO2 flooding (Shah
2009). Similar results were also observed byMolnes et al. while preparing nanofluids
by dispersing cellulose nanocrystals in deionized water (Molnes et al. 2016).

Also, viscosity of NPs solution or nanofluids is affected by a number of factors,
which include temperature, salinity, shear stress/rate andNP types and concentration.
Many researchers have evaluated such factors, for example, SiO2 nanofluids viscosity
increases at lower shear rates (Al-Anssari et al. 2016). Cellulose nanofluids behave
in a distinct manner due to their structural arrangement. Their viscosity increases
when shear rates are higher and decreases when shear rates are reduced, thereby
showing shear thinningbehavior in the latter case (Wei et al. 2016). Furthermore, SiO2

nanofluids are more viscous compared to Al2O3 nanofluids at the same concentration
(Salem Ragab and Hannora 2015; Tarek and El-Banbi 2015).

3.1.5 Disjoining Pressure

Sun et al. had explained the flow behavior of the nanofluids in the porous matrix
due to which a wedge-shaped arrangement of the NPs takes place (Sun et al. 2017).
This structural arrangement helps in removing the oil droplet from the rock surface.
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This wedge-shaped film appears because of the structural disjoining pressure created
by the osmotic pressure created during injection of the nanofluids (Mcelfresh et al.
2012). When the nanofluids are injected bottom-hole the injection pressure creates a
uniform layer in a confined region ahead due to exerted pressure and the layer tends
to arrange with more NPs in the flow. The entropy of this arrangement increases with
increasing number of NPs and further results in an additional disjoining pressure
exerted at the interface than that of the bulk liquid (Aveyard et al. 2003; Chengara
et al. 2004). A higher concentration of NPs raises Brownian motion and electrostatic
repulsions between the particles generating the disjoining pressure. The size of NPs,
amount, composition of base fluid (salinity levels), rock characteristics all affects the
disjoining pressure. For example, larger amount of NPs increases the force to 50,000
psi at the vertex (Aveyard et al. 2003).

3.1.6 Limiting Asphaltene Precipitation

Asphaltene precipitation is a major problem encountered during primary recovery
and EORmethods leading to deposits in the porousmedia (Papadimitriou et al. 2007;
Solaimany-Nazar and Zonnouri 2011). Whereas wettability alteration contributes
toward higher EOR recovery potential, precipitation of asphaltene causes plugging
of the reservoir, alteration of wettability from water-wet toward more oil-wet and
lowering of the relative permeability of the oil (Nghiem et al. 1998; Pina et al. 2006).
Many researchers have found NPs as a solution to this problem without leading to
any environmental pressure. Tarboush et al. found that NiONPs have a higher affinity
toward asphaltene leading to the uptake of this particles and stabilizing precipitation
(Tarboush and Husein 2012). Similarly, testing of SiO2–Al2O3 NPs by Alomair
revealed that as the concentration of NPs is increased, it delayed the precipitation
further (Alomair et al. 2014). Kazemzadeh et al. additionally determined how SiO2,
NiO and Fe3O4 NPs were adsorbed on the surface of asphaltene molecules, which
significantly reduced the flocculation in the porous media (Kazemzadeh et al. 2015).

3.2 Nanoemulsions

Nanoemulsions are emulsions stabilized by NPs with a droplet size ranging from
50 to 500 nm. The physicochemical properties of these micro-droplets (<100 nm)
can help successfully enhance the EOR efficiency by recovering. These emulsions
are much more stable than conventional emulsions which are stabilized by surfac-
tants (Mandal et al. 2012). Also, these NPs stabilize the nanoemulsions by forming a
kinetically controlled system which can withstand extreme conditions (higher tem-
perature, salinity and increased pressures) by retaining their morphology even with
change in oil volume fractions (Binks and Lumsdon 2000). The size of nanoemul-
sions can even help them to penetrate through the thief zones and pore throats with
lower rates of adsorption (Zhang et al. 2010). Additionally, nanoemulsions have a
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higher viscosity that can help improving the mobility ratio of the drive fluid. Hence,
nanoemulsions prove an advantage over polymers, as polymers are retained due to
adsorption on rock surface (Binks et al. 2005; Binks and Rodrigues 2005). These
properties make its applications extended to large-scale field jobs.

A number of NPs have been developed to be used as nanoemulsions. Silica NPs
have found wide use as nanoemulsions in many of the recent studies. The concen-
tration of silanol groups in the silica NPs containing nanoemulsions plays an impor-
tant role in many of its intrinsic characters, such as the wettability, hydrophilicity
and hydrophobicity. Wettability character is controlled with the amount of silanol
groups present on the surface (Mcelfresh et al. 2012). Hydrophilicity behavior of
the nanoemulsion increases with increasing percentage (over 90%) of silanol groups
on the surface. This helps in forming stable oil-in-water (o/w) emulsions. When the
concentration is only 10% on the surface, the hydrophobic character yields water-in-
oil (w/o) emulsions. This change helps control the formation of o/w emulsions and
w/o emulsions, which further improves interaction with non-polar oils or polar oils,
respectively (Aveyard et al. 2003).

The emulsification behavior has also been observed in some micro-model exper-
iments earlier. The key reasons for such behavior of NPs on emulsion are also
mentioned by some studies. Images viewed by an optical microscope also show
the uniform size of the NPs generating a compact, well-structured unilayer at the
aqueous/non-aqueous interface, thereby making the emulsions highly stable under
extreme temperatures (Alomair et al. 2014).

3.3 Nanocatalysts

Nanocatalysts act as nanodimensional-sizedmetal particleswith an increased surface
area of contact that helps in better interaction of the surface of oil with nanocatalysts
(Hashemi et al. 2013, 2014). These catalysts are therefore used for upgrading the
properties of crude oil by reacting with bitumen in the crude oil to convert it into
lighter products by some chemical reactions. Such type of reactions is referred as
aquathermolysis. These occurwhile injection of nanocatalysts during steam injection
into heavy oil reservoirs. The presence of nano-sized metal particles, such as nickel
and iron, provides an increased surface area for catalyzing the breaking of carbon
sulfur bonds within asphaltenes. This, therefore, increases the amount of saturates
and aromatics present in the heavy oil (Hyne 1986).

The percentage of carbon monoxide produced during this reaction reacts with
water to produce hydrogen (during thermal EOR process at 200–300 °C). These
hydrogen molecules that have been produced later react with the unsaturated
molecules of heavy oil, thereby producing lighter, saturated crude oil components
by hydrogenolysis (Callaghan 2006).

Aquathermolysis also helps in decreasing the viscosity of the heavy oils. When
metalNPswere used as catalysts they caused a greater reactivity compared tomicron-
sized particles. As noted by Shokrlu et al., nickelNPswere able to reduce oil viscosity
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from 2700 to 1900mPa at a concentration of 500 ppm ofNPs (Shokrlu and Babadagli
2011). Same was observed during a number of experiments such as by Clarke et al.
during the use of metal NPs during aquathermolysis process (Clark et al. 1990; Clark
and Hyne 1990).

4 A Laboratory Evaluation of Nanoparticle-Assisted
Polymer Flooding

Rellegadla et al. had demonstrated a newmethod of EORwith the help of a combina-
tion of nanoparticle and polymer flooding (Rellegadla et al. 2018). They had shown
when a mixture of nickel nanoparticles along with the xanthan gum is injected in
the sand packed columns the amount of additional oil recovered increases. They had
calculated the amount of additional oil recovered in the effluents with the help of a
spectrophotometric method explained below.

Initially, they had prepared the standards by mixing parent oil to dichloromethane
(DCM) (1:10 ratio). Then a known volume of parent oil–DCM standard mix was
poured into a separatory funnel containing 30 ml of deionized water. This oil–water
mixture was then extracted with 5 ml volumes of DCM. The separatory funnel was
vigorously shaken for few seconds and was then allowed to stand for few minutes to
allow phase separation after which the oil was extracted. This extraction procedure
was again followed using a total of three portions of DCM. Lastly, the final DCM
volume for the whole extracts was made up to a total volume of 20 ml with DCM.

The authors had prepared standard dilutions from the stock solution by adding a
known volume of DCM to parent oil. The absorbance for the standard solutions was
measured and a standard curve was plotted. Later the amount of oil produced from
the bioreactor during flooding experiment was measured by adding a known amount
of DCM (VDCM) to the measured volume of water (VH2O) and then the volume of
oil (Voil) was determined from the optical density at 600 nm (OD600) of the oil–DCM
phase to derive the concentration of oil (Coil) in mg/ml; OD600 was determined using
a spectrophotometer. Voil was then calculated as (Voil = Coil × VDCM/ρoil), where
ρoil is the density of Ankleshwar oil.

Enhanced oil recovery efficiency of this injection mixture was evaluated in sand
packed bioreactors with ~0.6 PV of residual oil in place (ROIP). Flooding results
had shown the highest recovery of 5.98% of additional ROIP with xanthan–nickel
nanoparticle mixture compared to 4.48 and 4.58% of ROIP during sole injection of
xanthan and nanoparticles, respectively.
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5 Overview and Future Prospects

There are a number of areas in petroleum industry in which nanotechnology has
found its applications. These technologies are more efficient, more economical and
environmental-friendly than conventional methods and a number of researchers have
defined their future possibilities in a number of areas in the oil and gas industry itself.

(1) Improved polymers, binders for sand consolidation and other drilling compos-
ites critical to deep drilling under high temperature/pressure environments.

(2) Oil refining and petrochemicals technologies.
(3) New materials for anti-corrosive coatings for surface and subsurface facilities,

drilling equipments.
(4) Improvement of EOR and gas recovery through reservoir property modification

and improving drive fluid constituents for better sweeping efficiency.
(5) Improved nanofiltration for oil refining and waste management.
(6) Nano-based materials to enhance stability, strength and endurance for drilling

equipments, mechanical and movable parts.
(7) Improve nanosensors facilitating improvement of geo-exploration, improved

data gathering, recognition of dry holes and shallow hazards.
(8) New lightweight, abrasion proof rugged nanomaterials for transportation

vessels, offshore platforms.

6 Conclusion

The present chapter presented an overview of the nanotechnology intervention in the
oil and gas industry. The reviewed literature marks the progress in research made
by the materials in the nanodimensions and the mechanisms behind their applica-
tions. The oil and gas industries are facing a number of technology-based challenges
that has to be addressed with the use of new materials in both the upstream and
downstream sectors. Nanotechnology offers solution to many such problems which
are difficult by conventional approaches. A variety of nanotechniques, smart fluids,
NPs, nanoemulsions, nanocatalysts, nanosensors, nanomembranes and other nano-
sized materials have been developed and have been extensively used by oil and gas
industries. Besides, most of these nanomaterials have been tested in the laboratory
setups, and they are finding their uses in the oil and gas industry with time. There
are many innovations which are been improvised to field conditions. However, such
innovations when applied to the field could bring about a technological breakthrough
with benefits on both sides of the industry.
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Effect of Nanoparticles
on the Performance of Drilling Fluids

Gomathi Rajalakshmi Seetharaman and Jitendra S. Sangwai

Abstract Owing to the extinction of conventional reservoirs, it is imperative for
engineers to find the unconventional oil and gas resources.Drilling an unconventional
field requires engineered drilling fluids because an efficient drilling operation purely
depends upon the performance of drilling fluid. Drilling fluid which is a combination
of solids and fluids performs many functions, such as cooling the drill bit, cleaning
the wellbore, maintaining the wellbore pressure and development of a filter cake to
prevent the invasion of fluid into the formation. The drilling fluid can be classified into
oil-based mud (OBM), water-based mud (WBM) and pneumatic fluid (or) air-based
fluid. Conventional drilling fluids which are in use lose their efficacy during drilling
a complex reservoir, like high temperature high pressure (HTHP) and highly saline
reservoir.Nanomaterialswhich are unique due to their distinctive properties, like high
surface to volume ratio, thermal stability and conductivity, found their application
in almost all fields of engineering. Many studies have been conducted to analyse the
enhancement of drilling fluids through the application of nanoparticles. The studies
resulted in enhancement in rheological, filtration, thermal properties of the drilling
mud and also improved the wellbore stability. This chapter elaborately discusses
about how the application of various types of nanoparticles/nanocomposites helps to
enhance the rheological and filtration properties of the drilling mud.
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1 Introduction

1.1 Drilling Fluids

A well-organized reservoir operation consists of many important stages, starting
from finding the presence of crude oil to extracting the oil from the reservoir. An
important parameter in-between these two stages that decides the fate of drilling is
the drilling fluids. A successful drilling operation depends upon the effectiveness
of the drilling fluid. Drilling a long hole from surface till deep inside the earth
produces a huge amount of heat, which reduce the performance of drilling bit. A
drilling fluid (or) mud, which is a combination of various chemicals, solids and
liquids, is generally used to cool down the drilling bit. The drilling fluid also needs to
perform other functions such as to carry the cuttings from the subsurface, minimize
formation damage by producing a filter cake and to maintain the wellbore stability.
The drilling fluids are classified into water-based drilling mud or fluids (WDM), oil-
based drilling mud or fluids (OBM) and pneumatic drilling fluid. Since drilling fluids
encounter high temperature high pressure (HPHT) environment, maintaining the
viscosity of drilling fluid is the crucial part for effective functioning. Any deviation
in the rheological, physical and chemical properties of the drilling fluids severely
affects the performance. The flowchart in Fig. 1 briefs about the role of the properties
and their functions in drilling fluids.

Density

Prevention of formation fluids to well bore
Maintain wellbore stability 
Cool and lubricate the bit

Velocity

Transport cuttings from wellbore
cool and lubricate the bit

YP,AV,Gel
strength

Transport cuttings from wellbore

Fig. 1 Properties and functions of drilling fluid
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1.2 Classification of drilling fluids

1.2.1 Water based drilling fluids

Water, brine or formate salt is used as the continuous phase in water-based mud.
Since this mud is inexpensive and environmental-friendly, this is most commonly
used in the industry. These are also referred to as water-based mud (WBM). Table 1
shows the various additives added to improve the properties of water-based drilling
fluids.

1.2.2 Oil-Based Drilling Fluids (ODF)

The oil-based drilling fluid is also referred to as oil-basedmud (OBM). The base fluid
is mostly mineral oil, diesel, olefins or paraffin. Barite is used to increase the system
density and bentonite clay is used as the viscosifier. Oil-based mud significantly
retards the clay swelling and showedbetter performance in deviatedwell and provides
a high degree of lubricity. Even though the performance of oil-based mud is superior
towater-basedmud (WBM)due to the toxic nature of themud, it is strictly restricted at
environmentally sensitive areas. OBM is also classified into invert emulsion method
in which the water is emulsified in oil.

1.2.3 Pneumatic (or) Air-Based Drilling Fluids

Air or nitrogen is commonly used in pneumatic drilling fluid technique. The main
advantage of air-based drilling fluid is it offers higher penetration rates, better hole
cleaning efficiency and less formation damage, whereas air-based drilling fluid does
not provide enough pressure for the prevention of inflow of the reservoir fluids.

Table 1 Additives for drilling fluids

S. No. Additive Property

1. Clay Viscosity control

2. Barite, starch, organic colloid (sodium
carboxy methyl cellulose), polyacrylates,
lignosulphonates, polyanionic cellulose

To improve the rheological properties and
control the density

3. Polymers like xanthum gum,
polyacrylamide and carboxymethyl
cellulose

Viscosity control (HTHP affects the
performance)
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2 Nanotechnology and Nanomaterials

It was in 1959 when Richard Feynman coined the term “There is a plenty of room at
the bottom” that leads to the invention of a new technology called nanotechnology.
The materials involved in the revolution of nanotechnology are called nanomaterials
which are of 10−9 m size. Owing to its exceptional property, like high surface to
volume ratio, nanoparticle found its application in almost all fields of engineering
and technology. The surface of nanoparticle offers greater area of chemical reactivity
and alters the quantum effects that lead to changes in optical, magnetic, electrical
and other substantial properties. Nanomaterials are extremely small in size, having
dimension from 1 to 100 nm or even less. For example, the one-dimensional nanoma-
terial is surface film, two dimension is strands or fibres, three dimension is particles
and the most common types of nanomaterials which found application in engineer-
ing and technology are nanotubes, dendrimers, quantum dots and fullerenes. There
are several approaches to produce nanomaterial of various sizes; they are top-down
and bottom-up approach. The nanomaterial should be dispersed in the base fluid and
used as a nanofluid in drilling operation.

2.1 Importance of Nanoparticles in Drilling Muds

Owing to deterioration of conventional drillingmud atHTHP, the drillingmuds failed
to maintain the rheological properties. This results in loss of mud filtrate volume,
which subsequently leads to failure in drilling operation.Nanoparticles, such asmetal
oxide, can support heat transfer from the drilling fluids by increasing the thermal con-
ductivity. In addition, due to their extremely small size, nanoparticles plug the pores
of formation and reduce themudfiltrate volume.Nanoparticles, because of their large
free energy of adsorption, attach themselves to the interface between oil and water in
an emulsion (Agarwal et al. 2011). The rheological properties of the drilling fluids
are further enhanced due to the physiochemical, electrical and thermal properties of
the nanoparticles. Hassani et al. (2016) showed that quantum effects of nanoparti-
cles in drilling fluids make many physical changes without altering the bulk chem-
istry. Comparing the performance of bulk phase material, nanoparticle enhances the
rheological properties, fluid loss control, wellbore and shale stabilization, wellbore
strengthening, cuttings suspension and thermal properties.
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3 Enhancement in Drilling Fluid Properties Due
to Nanoparticles

Nanoparticles enhance the rheological properties of the drilling fluids using various
mechanisms which mostly depends on the concentration, physical and chemical
properties of nanoparticle and continuous phase of drilling fluids.

3.1 Effect of Nanoparticles on Rheology

Since drilling fluid is a combination of solids and fluids, controlling the rheological
properties deep under the earth under high pressure and temperature is always a cru-
cial part. Rheological properties are the basics for all analysis of wellbore hydraulics
and to assess the functionality of the mud system. The rheological characteristics
of drilling mud include apparent and plastic viscosity, yield point and gel strength.
Researchers found that addition of various types of nanoparticles to the drilling mud
modified or enhanced the rheological properties. Addition of nanoparticles to the
drilling mud enhanced the plastic and apparent viscosity and maintained the yield
point and gel strength.

The increment in rheological property of the bentonite-based mud by iron oxide
nanoparticles was studied by Jung et al. (2011). Iron oxide nanoparticle of concen-
tration 0.5–5 wt% increased the yield stress and viscosity of the mud. The observed
enhancement in rheological properties is due to the fact that the nanoparticles got
embedded in randomly distributed pore structure on the surface of clay particle in
mud and confers a link between bentonite suspensions and promotes gelation of the
mud. The increment in rheological properties is stable even at high temperature. At
high temperature of 99 °C, the ferric oxide nanoparticle displaces the dissociated
cations from clay and yields a different clay platelet microstructure and gives higher
yield stress value (Mahmoud et al. 2016). Barry et al. (2015) showed that iron oxide
clay hybrid and drilling fluid containing various concentration of iron oxide nanopar-
ticle showed higher stresses at all shear rate compared to the bentonite-based drilling
mud. The nanoparticles can improve the rheological properties of the drilling mud
without the need of any rheological additives and this is also confirmed by Con-
treras et al. (2014). They used an oil-based drilling fluid prepared with iron oxide
nanoparticle and graphite as a lost circulation material (LCM) rheological additive.
The combination of both the nanoparticle and LCM reduced the yield point at high
graphite concentration. Figure 2a shows the rheogram of bentonite and iron oxide-
based drilling mud. Addition of iron oxide nanoparticle to the bentonite-based mud
increased the shear stress with increase in temperature.

It is to be noted that higher temperature yielded higher yield stress of value 7.15 Pa
at 60 °C because higher temperature create continuous gel strength in the bentonite
suspension. The yield stress is calculated from the rheograms after extrapolating
the graphs to zero shear rate and fitted in Herschel–Buckley (HB) model; τ =
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Fig. 2 aRheogramof base fluid, BF,with 7wt%bentonite at different temperature;b base fluid ben-
tonite containing iron oxide nanoparticles at different temperature (Vryzas et al. 2018) (Reprinted
and modified with permission from Elsevier copyright at 2018)

τHB+K (γ )n , where τ and γ are shear stress and shear rate, τHB is the yield stress and
K is the flow consistency index which indicates suspension viscosity and n indicates
flow behaviour index. n < 1 shows shear thinning and n > 1 shows shear thickening
behaviour (Vryzas et al. 2018).

The dimension and concentration of the nanoparticle is also one of the decisive
factors in altering the rheological properties of the drilling fluids. The silica nanopar-
ticles dispersed in oil-based mud enhanced the viscosity of the drilling mud and
remained stable at HTHP when the diameter is 20 nm (Anoop et al. 2014). But
for low temperature and low pressure (LTLP) condition the dimension of the silica
nanoparticle can be further reduced to 10 nm with concentration of 0.5 wt%, and
it has enhanced the plastic viscosity and yield point at LTLP condition (Ghanbari
et al. 2016; Hassani et al. 2016). The rheological properties of the drilling mud can
be further enhanced by enhancing hydrogen bond in the drilling mud by making
nanocomposite from nanoparticle mixed with polyacrylamide grafted/polyethylene
glycol (Jain et al. 2015).

The enhancement in rheological properties by the addition of silica nanoparticle
was also confirmed by various researchers (Mao et al. 2015a, b; Srivatsa and Ziaja
2012; Taraghikhah et al. 2015). Figure 3 shows the enhancement in apparent viscosity
of the drilling mud. It is to be noted that the enhancement in viscosity is high for
carbon nanotubes (CNT) and SiO2 than ZnO nanoparticles.

Abdo and Haneef (2013) showed that when nano-palygorskite (PAL) added to
the montmorillonite (Mt), which is an important constituent of bentonite-based mud,
increased the gel strength by about 200% from 0.3 to 4.5. This behaviour confirms
the superior performance on holding the drill cuttings under static condition. The
Mt-based drilling fluid is subjected to flocculation at HPHT, while when the nano-
PAL added as an additive in small quantity improves the quality of drilling mud
at HPHT. Further, the rheological properties of Mt-based mud can be increased
by preparing a nanocomposite of ZnO, Mt and PAL (Abdo et al. 2014). Because
ZnO–clay nanocomposites impart stable colloidal mechanisms to clays as it highly
discourages flocculation of clays in water, this renders significant stability to the
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Fig. 3 The apparent viscosity versus shear rate for the water-based drilling mud in the presence of
various nanoparticles (Hassani et al. 2016) (Reprinted and modified with permission from Elsevier
Copyright 2016)

drilling fluids sepiolite which is an important class of clay when used in nanoform
and improved rheological properties of water-based mud like plastic viscosity and
yield point at both LTLP andHTHP conditions (Abdo et al. 2016;Needaa et al. 2016).
Figure 4 shows the viscosity of graphene-oil nanofluid and hydrogenated oil at 30 °C
by Ho et al. (2016). It is found that increase in graphene nanoparticle concentration
increased the viscosity. At concentration 25 ppm and shear rate of 125 (1/s), a sharp
increase in viscosity is observed due to jamming of nanoparticles at the bottom of
apparatus. The shear thinning behaviour of graphene-oil-based nanofluid OBM was
confirmed by decrease in viscosity with increase in shear rate. Further enhancement
on rheological properties by various other nanoparticles is presented in Table 2.

3.2 Wellbore Stability and Strengthening

Wellbore instability is one of the serious issues in drilling operation. The main rea-
sons for wellbore instability are sloughing (or) swelling and abnormal pressured
formations. Owing to shale inhibition property of OBM, maintaining the wellbore
for effective drilling operation is quite easy, but owing to high cost, environmental
restriction andmud disposal difficulties, the application of OBM in field is restricted.
For formation with low permeability (nanodarcy), the conventional drilling fluids
cease to produce a filter cake. A reasonable way to overcome this problem is to pre-
vent pressure increase at near wellbore. The nanoparticles employed in the drilling
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Fig. 4 Comparison of viscosity for 25, 50, 100 ppm of graphene-oil nanofluid and hydrogenated
oil OBM at 30 °C (Ho et al. 2016) (Reprinted and modified with permission from Elsevier (Ho et al.
2016))

fluids penetrate through the pores of the shale and act as a bridging material and a
wellbore strengthening material.

Akhtarmanesh et al. (2013) showed that silica nanoparticles reduced the fluid
penetration into Grupi shale up to 68% in comparison with WBM, and the minimum
concentration required to reduce the permeability and minimize the fluid invasion
is 10 wt%. Nanoparticles with diameter of 35 nm showed better plugging efficiency
than 50 nm sized nanoparticle due to the pore size in the formation. 1 wt% of nanosil-
ica inWBM improved the shale stability by plugging the pores through physical pore
pluggingmechanism (Taraghikhah et al. 2015). Silica nanoparticles of 10–30 nmpro-
duced a lowest amount of fluid loss of 4 ml in an American Petroleum Institute (API)
fluid loss test using a hydrophilic filter membranewith 100 nm pores (Hoelscher et al.
2012). Since biopolymers are stable at high temperature, xanthum gum combined
with silica nanoparticles in a particle plugging apparatus at pressure of 1000 psi and
a temperature of 93 °C (200 F) produced a minimum fluid loss of 7.9 ml and also
very effective in plugging the pores (Srivatsa and Ziaja 2012). But the same silica
nanoparticle with dimension of 10–20 nm in OBM produced higher filtration than
the base mud and further increasing the concentration of nanoparticles, the cracks in
the mud cake propagates, because of poor dispersion of silica nanoparticles in OBM
(Kang et al. 2016).

Nwaoji et al. (2013) combined the lost circulation material (LCM) with nanopar-
ticles to control the well instability problem. Iron (III) hydroxide nanoparticle when
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Table 2 Application of nanoparticles on modification of rheological of properties drilling fluids

S. No. Author Types of NPs Base fluid Enhancement in
rheological propertiesa

1 Agrawal et al.
(2011)

Clay and silica Oil • Improved the
viscosity and gel
strength of invert
emulsion at HTHP

• A combination of 2
wt% of nanoclay and
1 wt% nanosilica
showed enhanced
rheological
properties

2 Li et al. (2010) Cellulose particle Water Improved PV, YP and
gel strength at 0.5 wt%
at HTHP

3 Song et al. (2016a,
b)

Improved PV, YP and
gel strength at 3.5 wt%
at LTLP

4 Sadeghalvaad and
Sabbaghi (2015)

TiO2/PAM
nanocomposite

Water Increased PV and YP
compared to
nanoparticle

5 William et al.
(2014)

CuO and ZnO Water Better rheological
stability for nano-based
WBM compared to
base fluids at HTHP

aPV Plastic viscosity; YP Yield point

mixed with graphite (LCM) increased the fracture breakdown pressure by 70% over
unblended water-based mud, and the increment in fracture breakdown pressure is
47% higher than OBM because WBM is primarily made of organophillic clay and
water. It interacts strongly with nanoparticles, thereby stabilizing them. There are no
electrostatic attractions or van der Waals forces between nanoparticles and the fluid
constituents unlike OBM.

3.3 Enhancement in Thermal Property

Enormous amount of heat is produced due to drilling deep down the earth and the
friction between drilling bit and the surface of rock added on the heat to the drilling bit
which deteriorates the performance of the drilling fluid. Themetal oxide nanoparticle
in nature generally has high thermal conductivity, so the applicability of nanoparti-
cles in drilling fluids improves the rate of heat transfer. The particle is in micrometre
range and does not possess Brownian motion, leading to lower thermal conduc-
tivity. For example, a carbon nanoparticle with 0.2 wt% in WBM showed higher
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thermal conductivity than 0.4 wt% due to increase in distance between particles
(Ho et al. 2014). Increase in temperature increased the thermal conductivity of the
nano-enhanced drilling fluid. Silver nanoparticles with diameter 5 nm dispersed in
kerosene-based mud showed higher conductivity at 50 °C than at 25 °C because of
the enhanced Brownian motion (Li et al. 2010). The increment in thermal conductiv-
ity of the drilling mud by the addition of nanoparticles made the mud to cool faster
as it moves up the surface. The increase in nanoparticle concentration increased the
thermal property of the drilling fluid. The enhancement in thermal conductivity was
higher in the case of CuO than ZnO for a particle concentration of 0.1, 0.3 and 0.5
wt% (William et al. 2014). The enhancement in thermal conductivity for nano-sized
particle was significant than with micro-sized particle. Nanoparticle concentration
(0.5wt%) promoted better thermal conductivity and the value of thermal conductivity
will be lowered if the nanofluidwas prepared in base fluidwhich are highly viscous in
nature (PEG 600) because the nanoparticles may get entrapped in the microstructure
of network forming aggregates (Ponmani et al. 2016). Figure 5 shows the comparison
of thermal conductivity for various concentrations of ZnO nanoparticle. It is clear
that increase in nanoparticle concentration increased the thermal conductivity.

Since multiwalled carbon nanotubes (MWCNTs) are hydrophobic in nature, dis-
persion inWBMremains a greater challenge.Modifying the surfacewith hydrophilic
(nitric acid) group produced a stable dispersion in WBM, leading to enhance-
ment in thermal conductivity by 23.2% for 1 vol% of functionalized MWC-
NTs (Sedaghatzadeh and Khodadadi 2012). CNTs which are functionalized by
hydrophilic group through acid treatment increased the thermal conductivity by
31.8% at 50 °C and the increment in thermal conductivity is even higher for oil-based
mud (Fazelabdolabadi et al. 2015).

Fig. 5 Comparison of
thermal conductivity for ZnO
nanoparticle from Hassani
et al. (2016) and William
et al. (2014). Reprinted and
modified with permission
from Elsevier, copyright
(Elsevier 2014, 2016)
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Table 3 Application of nanoparticles on modification of rheological properties of drilling fluids

S. No. Author Drilling mud NPs Enhancement in
lifting capacity

1 Boyou et al. (2019) Water Silica (0.5, 1, 1.5
ppb)

The SiO2
nanoparticles
increased the cutting
transport efficiency
for all inclination and
increase in
nanoparticle
increased the
efficiency

2 Gbadamosi et al.
(2019)

Water Silica (0.001–1.5
wt%)

Smaller the cutting
particles, higher the
efficiency
Larger particles are
least affected by
buoyancy and
viscous force

3 Samsuri and Hamzah
(2011)

Water MWCNTs
(0.001–0.003 wt%)

Low concentration of
MWCNTs has
minimum impact on
cuttings recovery

3.4 Enhancement in Lifting Capacity

The most important function of the drilling fluid is transporting the cuttings to the
surface. There are many factors which affect the cutting capacity of the drilling mud,
like flow rate of the mud, particle settling velocity, geometry, orientation and con-
centration of the particle. The cutting transport remains a major problem in vertical
and inclined well due to gravitational force.

The nanoparticles added to the drilling mud increase the annular viscosity of
the drilling mud which helps to increase the lifting capacity of the mud. Another
phenomenon which is commonly encountered is by balancing the gravity force
or overcoming the gravity force. The nanoparticles added to the drilling mud
increased the drag force on the drilled cuttings which helps to overcome the gravity
force by increasing the surface force. The enhancement in lift capacity for various
nanoparticles is presented in Table 3.

3.5 Fluid Loss Control by Nanoparticles

One of the very important properties of drilling mud is filtration control. Drilling
through the depleted, deep water and deviated reservoir result in regular huge loss of
mud and results in fluid invasion. The reason behind the fluid loss is the differential
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pressure that occurs between the formations and the wellbore. In the process of
filtration, a solid cake (or) filtration cake is produced by the solids and chemicals
present in the mud, to inhibit (or) stop the fluid invasion into the formation. Since the
particles associated with the conventional drilling fluids are usually large in size than
the pores of formation, it fails to inhibit the fluid loss. In this case, the filtration cake
produced by the drilling mud is usually thick resulting in pipe sticking and inability
to plug the pores. Loss circulation is another important issue in drilling fluid in which
the drilling fluid is lost at any depth. The nanoparticles added to the drilling mud
produces a filter cake of minimum thickness because volume of filtrate entering the
formation is very less due to low permeability and low porosity. Moreover, due to
the relatively small size of the nanoparticle it can enter the pores of the formation
and inhibit the fluid invasion (Fig. 6).

Silica nanoparticles with concentration of 3% by volume and size ranges from
40 to 130 nm in WBM reduced the mud cake thickness up to 34% than the normal
WBM (Javeri et al. 2011). While the same silica nanoparticle in bio-polymer and
surfactant-based mud reduced the filtration loss up to 40% (Srivatsa and Ziaja 2012)
and once the filter cake is produced by the polymer, the nanoparticles create a thin
layer of deposit on the surface of the formation, which helps to prevent the polymer
invasion into the formation. Mao et al. (2015) used silica-based drilling fluid with
dimension of 12 nm and performed API fluid loss. The results revealed that the
nano-based drilling mud reduced the fluid loss up to 80%. Mahmoud et al. (2016)

Fig. 6 Nanoparticles act as a barrier to prevent the inflow of mud into the formation
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produced a minimum mud cake thickness of 1 mm for a silica nanoparticle of 0.7
wt%. Even though increase in nanoparticle concentration reduced the filtration due
to agglomeration of particles, an increase in porosity and permeability was found
in the mud cake. The particle size distribution of nanoparticles in the drilling mud
is one of the decisive factors that decide the fate of filtration, because bentonite
nanoparticles of 4–9 nm inWBM increased the filtration loss due to poor distribution
or the fact that the nanoparticles are so small and they just pass through the filter cake
(Abdo and Haneef 2013). So in order to attain the larger particle size distribution, the
nanoparticles weremechanically prepared and the filter cake producedwas alsomore
compact in nature such that sealing pressure is tolerable (Akhtarmanesh et al. 2013).
Nasser et al. (2013) observed the effect of pressure on fluid loss for nanographite-
based mud and normal drilling mud. It is found that normal drilling fluid will lose
its fluidity with increase in pressure, whereas for nano-based mud the observed loss
is very minimum.

Figure 7 shows the filtration loss properties of ZnO in PEGand PVP-based drilling
fluids (Ponmani et al. 2016). Though the trend of increase in fluid loss with time is
the same for all the mud, the loss in quantity of fluid is decreased by the introduction
of 0.1 wt% nano ZnO. Further increase in concentration of nanoparticles from 0.1 to
0.5 wt% showed considerable improvement in reducing the fluid loss. The obtained
results in fluid loss for nano-based mud are also compared with micro-based mud
and the results confirm that nano-basedmud shows superior performance in reducing
the fluid loss than micro- and polymer-based mud. Jung et al. (2011) compared the
fluid filtration behaviour of bentonite mud and mud with bentonite and iron oxide
nanoparticles. Compared to the raw bentonite-based mud, the mud with iron oxide
nanoparticles reduced the filtrate volume. Perween et al. (2018) produced a thin filter
cake with zinc titanate nanoparticles dispersed in bentonite-based mud consisting of
various additives of viscosity, fluid loss and clay stabilizer. The API filtrate test

Fig. 7 Fluid loss during a
period of 30 min for WBM
and NWBM (ZnO)
(Reprinted and adopted from
SPE, (Ponmani et al. 2016))
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Table 4 Thickness of mud
cake produced by nano
clay–silica (CS) composite
with increase in temperature

Sample* Thickness of mud cake
(in.)

25 °C 90 °C

Base mud (WBM) 0.137 0.149

WBM + 0.1 wt% nano CS 0.066 0.068

WBM + 0.5 wt% nano CS 0.059 0.058

WBM + 1 wt% nano CS 0.052 0.053

WBM + 1.5 wt% nano CS 0.054 0.051

WBM + 0.1 wt% nano SiO2 0.071 0.077

WBM + 0.5 wt% nano SiO2 0.067 0.079

WBM + 1.0 wt% nano SiO2 0.066 0.076

WBM + 1.5 wt% nano SiO2 0.066 0.074

*WBM+nano CS or WBM+SiO2

result shows that the action of ZnTiO3 in drilling fluid produced mud cake of ~1 mm
thickness.

Table 4 shows the thickness of the mud cake produced by Cheraghian et al.
(2018) for nanocomposite of clay and silica and silica nanoparticles alone. It is
found that increase in nanoparticle produced mud cake of minimum thickness. The
mud cake produced by silica nanoparticles alone is off high in thickness whereas
for nanocomposite consisting of silica and clay, the mud cake thickness is low. This
is due to the fact that the synthesized nanocomposite is smaller in size than the
silica nanoparticle and the effective plugging can also be easily achieved. There is a
considerable reduction in fluid loss by nanocomposite of silica and clay than WBM
and silica-based mud. A low concentration of nanocomposite is sufficient to reduce
the fluid loss. Table 5 presents the work done by various researchers on fluid loss
with various nanoparticles.

4 Field Application

Field test was conducted in horizontal wells in Canada. The calcium-based nanopar-
ticle emulsion is produced via water–oil micro emulsion approach. The calcium
nanoparticle was selected because of its good compatibility with invert emulsion,
low toxicity and is inexpensive. The field application of calcium-based 0.5 wt%
nanoparticle in invert emulsion-based mud was presented by Borisov et al. (2015).
Table 6 shows the comparison of various properties of calcium-based drilling fluid
at field and lab scale.

Addition of 10 vol% of carrier emulsion fluid did not affect the basic properties
of OBM drilling fluids but the average filtrate volume is reduced to 20–30% of
controlwells. The filtrate volume remains unchanged once an optimumconcentration



Effect of Nanoparticles on the Performance of Drilling Fluids 293

Table 5 Reduction of filtration loss of drilling fluids by nanoparticles

S. No. Base fluid NPs Modification in
filtration property

Author

1 Water ZnO/polymer
nanocomposite

Under HPHT
condition 1.0 g of
ZnO nanoparticle
reduced the filtrate
loss

Aftab et al. (2016)

2 Oil 1. Iron
2. Calcium

LCM (graphite) was
used in minimum
concentration with
minimum Fe and Ca
nanoparticles. Iron
nanoparticle showed
better performance
than Ca

Contreras et al. (2014)

3 Water Carbon nanotubes 0.8 wt% of CNT
reduced the filtration
loss under HPHT

Halali et al. (2016)

4 Water Cellulose nanoparticle Reduced fluid loss at
an optimized
concentration of 0.5
wt%

Li et al. (2015)

5 Water Graphene Reduced filtrate loss
up to 30% in 10 ppg
WBF

Taha and Lee (2015)

6 Water 1. CuO
2. ZnO

Fluid loss and filtrate
cake thickness
reduced significantly
under LPLT and
HPHT condition, ZnO
nanoparticle showed a
better result than CuO

William et al. (2014)

7 Synthetic SiO2 A quantity of 40 wt%
of silica nanoparticles
was needed to reduce
the filtrate loss at
HTHP condition

Yusof and Hanafi
(2015)

of calcium nanoparticles in the circulating mud is attained. Taha and Lee (2015)
presented a field data using nanographene blended in a surfactant for extremely hard
formation in Myanmar with temperature up to 176 °C (349 °F). It was found that
drilling fluid performance is directly proportional to nanoparticle concentration, and
once the nanoparticle concentration reduced 2% by volume, the rate of penetration
also reduced. In the field trail when the graphene nanoparticle concentration was
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Table 6 Comparison
between carrier emulsion
samples having 5 wt%
calcium nanoparticles
prepared on an industrial
scale

Properties Field scale Lab scale

MW (kg/m3) 1045 ± 5 1049 ± 3

ES (mV) 582 ± 57 780 ± 20

PV (cP) 12 ± 2 12 ± 2

YP (lb/100ft2) 5 ± 2 5 ± 2

GS 10 s (lb/ft2) 4 ± 0.5 4 ± 0.5

GS 10 min (lb/ft2) 5.0 ± 0.5 6.0 ± 0.5

OWR 83/17 83/17

Solids (vol%) 8.0 ± 0.5 8.0 ± 0.5

kept between 2 and 3%, it improved the rate of penetration up to 125% and improved
bits lifespan by 75%. The improvement in drilling performance and bits’ lifespan
had reduced operator’s operational time and cost.

5 Recommendations and Challenges of Nanofluids

Though a lot of studies and positive results were available on the applicability of
nanoparticles in drilling muds, application of nanoparticles in a field study has a
serious of challenges and issues. Stability of nanoparticle dispersion in drilling fluid
is a major problem. Even after performing high shearing with ultrasonic baths, mag-
netic stirrers or homogenizers nanoparticle try to re-agglomerate due to strong van
der Waals forces. Though introduction of surfactant in a drilling fluid effectively
disperse the nanoparticles, surfactants are very expensive and can alter the rheolog-
ical properties of the mud. Another major issue associated with the nanoparticle is
sedimentation and flocculation. If flocculation and sedimentation is not controlled
in drilling muds, it leads to plugging in drilling lines, mud pumps which yield poor
rheological performance and shale inhibition. As suggested in the literature, instead
of single sphere molecule, metal oxide and polymer composite reduced the problem
of flocculation and sedimentation in drilling mud, but much results are not available
in the area.

6 Conclusion

The overall studies on the application of nanoparticles in the drilling fluids showed
a greater improvement in rheological properties, thermal stability, and reduction
in fluid loss and wellbore stability. Addition of nanoparticles to the drilling mud
increased the viscosity, and the shear thinning behaviour of the drilling fluids was
also maintained at HTHP condition. Though the positive effect of increasing the
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concentration of nanoparticles increased the viscosity, sometimes it leads to agglom-
eration which reduces the performance of drilling mud. Thus tuning the appropriate
concentration of nanoparticles in a drilling fluid is an important step to remember.
Further with the addition of nanoparticles, the nano-enhanced drilling mud exhibited
continuous gel strength while maintaining the yield stress value. The enhancement
in the drilling fluid properties by the addition of nanoparticles completely depends
on the particle shape, size and concentration. The shale permeability of the forma-
tion can also be reduced by physical plugging of pores by nanoparticles. The filtrate
cake which has been produced by the nanoparticles is of very minimum in thickness
compared to conventional drilling mud. The API tests proved that nano-enhanced
mud can reduce the filtrate volume up to 60%. Since nanoparticles are oxide in
nature, addition of nanoparticles to the drilling mud increased the thermal conduc-
tivity, which allowed the mud to cool in a faster. Thus addition of nanoparticles to the
drilling mud could be a better solution for drilling complex, depleted and deviated
reservoir and HTHP environment.
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Interaction of Nanoparticles
with Reservoir Fluids and Rocks
for Enhanced Oil Recovery

Uma Sankar Behera and Jitendra S. Sangwai

Abstract Nanotechnology is a commonword used by academia which is referred to
the applied nanoscience conducted at nanoscale (1–100 nm) for variety of industrial
applications. Application of nanotechnology in various fields is increasing exten-
sively resulting in an enormous amount of publications in the distinct field. Nanopar-
ticles (NPs) possess unique properties due to their larger surface area which leads
to prolong application in multifold. Researchers working in enhanced oil recovery
(EOR) areas are trying to get rid of challenges faced by the oil and gas companies
for crude oil production. This chapter, therefore, focuses on work carried out by the
researchers on chemical and rarely on thermal, gas injection, and biological EOR
methods using NPs. Chemical enhanced oil is recovery (CEOR) methods taken into
consideration due to their popularity in oilfields than the other existing methods.
Viscosity, interfacial tension (IFT), and wettability are the major influencing factors
for EOR. The authors intend to make the reader understand the pore-scale mech-
anism behind the enhanced oil recovery in the presence of NPs. In the early stage
of enhanced oil recovery, it is essential to understand the properties of various NPs.
Literature review reveals that properties of NPs mostly depend on methods they are
prepared. Hence, at the beginning of the chapter, the types of NPs, preparation, and
their characterization are explained briefly with the application of various nanopar-
ticles in CEOR. Limitation of NPs application in chemical EOR area is spelled out
clearly with the recommendation at the end.
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1 Introduction

The existence of natural resources indicates the strength of the country and the adop-
tion of newer technologies in their production magnifies its economy. When we
talk about natural resources, it includes minerals, hydrocarbon, soil, forest, well-
connected rivers, etc. World energy consumption is increasing day by day. The main
reason for the high utilization of energy is due to the increase in human population
all over the world. Most of the developed and developing nation of the world utilizes
more than 90% of the total energy produced in the world. Though there are vari-
ous sources exist for the production of energy such as nuclear power, hydropower,
geothermal power, solar power, and hydrocarbon fuel, the importance of the use of
hydrocarbon fuel has grown due to its wide occurrences and ease of applications. In
most cases, at least 50% (approximate) of energy requirement of a country is being
fulfilled by hydrocarbon fuel (IEA report 2016). According to the BP world energy
data, the petroleum reserves are limited (BP statistical review of world energy, June
2018). Hence more attention has been paid to recover crude oil from depleted or
matured reservoirs. As the world reservoirs are growing older and older day by day,
it is difficult to extract more hydrocarbons using conventional methods. The existing
traditional methods in practice can lead to recovering maximum 10–15% original
oil in place. This initial recovery is due to the internal pressure of the reservoir
also known as a primary recovery method. Additional 15–20% original oil in place
(OOIP) can be recovered by water or gas flooding which are known as secondary
recovery methods (U.S. Department of energy 2011). Approximately more 15–20%
of the OOIP can be recovered by proper, suitable technology at tertiary level, which
are called as enhanced oil recovery (EOR)methods. Figure 1 shows various recovery
processes adopted for oil production. Injection of an exotic substance into the reser-
voir to increase the output is called EOR. The classification of EOR by application
is represented in Fig. 2.

Literature reviews disclose that the implant of nanotechnologies in the enhanced
oil recovery process has the potential to accelerate oil production from the matured
formation. Due to the nanosize, multiple shapes, and larger surface area make the

Fig. 1 Percentage of oil
recovery by the various
processes
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Fig. 2 Classification of various EOR methods

nanoparticles unique than the other micro-size particles. Nanoparticles can be pre-
pared from various metal oxide as they are much stable than the native metal. For-
mation of nanofluid is quite simple in which NPs are added in different base fluids
to obtain a stable suspension. Role of nanoparticles in enhanced oil recovery can be
better understood only when we can able to analyze its properties. To figure out the
features of nanoparticles, one should realize the formation method of nanoparticles
as it plays a vital role in determining the properties of nanoparticles. Hence, here,
few methods of preparation and properties of nanoparticles are included along with
their characterization process.

2 Nanoparticles and Their Origin

The particulate matter with at least one dimension less than 100 nm is generally
known as nanoparticles (Christian et al. 2008; Sarit et al. 2007). The size of the
nanoparticles put them within the range of colloidal particles as shown in Fig. 3.
Based on the scale, nano, and colloidal particles are defined and based on these
different types of particles are observed in the environment. The examples of such
system found in the atmosphere are dispersion (solid in liquid), emulsion (liquid in
liquid), and aerosols (solid in gas). Formation of colloids is a natural phenomenon
in the environment, and it might have taken millions of years to form.
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Fig. 3 Size comparison of nano (sub-colloidal) and colloidal particles

2.1 Uniqueness of Nanoparticles

Surface to volume ratio of the nanoparticles is comparatively higher than other par-
ticles which make nanoparticles unique. Mostly the physical, chemical, and optical
properties of nanoparticles are due to its nanoscale size and shape. Nanoparticles are
complex molecules and consist of following three layers.

Surface layer: This may be functionalized in the presence of tiny particles, metal
ions, surfactants, and polymers.
Shell layer: This layer is a chemically different material from the core in all aspects.
Core layer: This is a central part of the nanoparticles (Shin et al. 2016).

2.2 Grouping of Nanoparticles

Nanoparticles are exclusive categories based on their size, morphology, and physic-
ochemical properties. NPs synthesized from heavy metals such as lead, mercury and
tin are reported as rigid and stable but their degradation is not readily achievable,
which may lead to environmental toxicity (Ibrahim et al. 2017). Therefore, appli-
cation of such types of nanoparticles is limited. Some of the nanoparticles used in
many applications are discussed here briefly.

2.2.1 Carbon Nanoparticles

Carbon nanoparticles are mostly derivative of graphite, charcoal, activated carbon,
and fullerene. They exhibit in crystalline form either a single layer or multiple layers.
The diameter of carbon nanotube varies from 0.5 to 3 nm and length 20–1000 nm
(Davis et al. 2008). These types of nanoparticles have excellent strength and good
electrical properties developed within them (Ceriotti 2014). These are extensively
used for fluid loss control in drilling fluid, enhanced oil recovery, gas adsorbent,
filler in many commercial applications and as support medium for many organic and
inorganic catalysts (Mabena et al. 2011).
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2.2.2 Metal Nanoparticles

Metal nanoparticles are obtained by further dividing microscale particles of pure
metal such as Au, Ag, Zn, and Fe, or their metal oxide, metal hydroxide, and a metal
sulfide, etc. Nanoparticles of the alkali and noble metals, i.e., gold, zinc, and copper
have a broad absorption band in the visible region of the electromagnetic solar spec-
trum. Due to their excellent optical properties, metal nanoparticles find applications
in many research fields. Coating of gold nanoparticles is extensively used for making
the sample ready for Scanning Electron Microscope (SEM) analysis, to enhance the
electronic stream, which helps in obtaining high-quality SEM images. Magnetite
(Fe3O4) is mostly used in the field of biomedical applications. To achieve the high-
resolution images duringMagnetic Resonance Imaging (MRI) test, magnetite is also
utilized (Mody et al. 2010).

2.2.3 Ceramic Nanoparticles

These nanoparticles are nonmetallic inorganic solid substances synthesized through
successive heating and cooling. They are an oxide, carbide, and phosphate of ametal-
loid. Ceramic nanoparticles are amorphous; hence, they have excellent porosity and
can be sized as per requirement. Mostly ceramic nanoparticles are used in applica-
tions such as catalysis, photocatalysis, degradation of dye, and imaging application
(Thomas et al. 2015).

2.2.4 Polymeric Nanoparticles

Polymeric nanoparticles are generally prepared by polymerization of a monomer
such as an alkyl cyanoacrylate. They are mostly biodegradable, biocompatible, and
hence their application in various fields is increasing. They prove themselves as an
excellent carrier for control delivery of drugs. Polymeric nanoparticles also possess
good surface modification character. They are mostly nanospheres or nanocapsules
shaped (Ealias and Saravanakumar 2017). They are a suitable adsorbent for protein
adsorbate.
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2.2.5 Semiconductor Nanoparticles

A semiconductor nanoparticle behaves peculiarly due to the high energy gap between
the valence band and the conduction band. A significant change in the properties of
nanoparticles is observed with bandgap tuning, and hence they are considered as
vital material for photocatalysis, photo-optics, and electronic devices. They are also
used for making biosensor and metal sensor devices. These nanoparticles found
exclusively in water splitting application due to suitable bandgap and band edge
position (Hisatomi et al. 2014). These particles are usually charge stabilized.

2.3 Synthesis Process of Nanoparticles

Synthesis of nanoparticles involved various methods but all the synthesis methods
associated with the formation of nanoparticles either from bigger particle to smaller
(top-down) or from smaller to bigger one (bottom-up). If the preparation method
derives from the larger molecule, then the preparation method is called as top-down
process. Similarly, if the preparationmethod derives frommolecular level to nanosize
particle, it is called as bottom-down method. Pictorial representation for production
of nanoparticles is given in Fig. 4.

Molecular size

particle

Atomic

particle

Size

Bottom-up

Method
Nanoparticles

Top-down

process

Big size particles
Dust Particles

Fig. 4 Process involved for the production of nanoparticles
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2.3.1 Top-Down Process

The process in which bigger size particles are sub-divided into nanoscale size par-
ticles by various processes such as thermal, mechanical, laser ablation, and arc
discharge methods.

Thermal Decomposition

Thermal decomposition for synthesis of nanoparticles is an endothermic reaction
in which the system is subjected to tremendous heat. In the presence of an enor-
mous amount of heat, a chemical bond exists in the substance get decomposed. Dur-
ing decomposition of substance some secondary substance is produced, along with
nanoparticles. A specific purification method can be adopted to separate nanopar-
ticles from undesired secondary substances. The purification method is based on
physical state of the substance from which nanoparticles are being formed.

Mechanical Milling

Mechanical milling is one of themost popular processes for the synthesis of nanopar-
ticles. In this process, the material is subjected to a milling process in which the
material is converted to nanoscale particles with application of strong shear stress.
The different types of millers used are ball mill, shaker mill, attrition, etc. The most
demerit of the process is the production of contaminated nanoparticles due to the
ball present in the mill.

Laser Ablation

It is the technique in which laser beam is used to produce nanoparticles. In this
process, the high laser beam is focused on the target in the solvent. The laser beam
project short pulses of energy on the tiny part of the metal to vaporize it. The vapors
later condensed to form nanoparticles in the solvent. This method applies for the
generation of nanoparticles of noble metal. It is a reliable process for the production
of nanoparticles and considered as an alternative to the chemical vapor decomposition
method (Ealias and Saravanakumar 2017).

Arc Discharge

It is one of the oldest physical methods under top-down process for the production
of nanoparticles. In the arc discharge process, two electrodes are dipped very close
to each other in the solution and subjected to high voltage. Under the high potential
difference, an electrical breakdown exists in the medium, resulting in arc discharge
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which produces a strong thermal plasma discharge. The discharge process leads to
raising the temperature of about thousand of degrees Celsius which vaporized the
electrode surfaces in the solvent medium. The vaporizedmetal gets condensed giving
nanoparticles.

Bottom-up Process

It is the process in which nanoparticles are formed from much smaller particles such
as atoms and hence also known as building up approach. This process involved in
producing the uniform size and required property of nanoparticles which is otherwise
quite difficult to produce in mechanical milling process of the top-down approach.
Chemical vapor decomposition (CVD), spinning, sol–gel, and biosynthesis are the
most commonly used processes which come under the bottom-up approach.

Chemical Vapor Deposition

In chemical vapor deposition, a thin layer of vapor is accumulated on the surface of
the solid substrate. The whole process of deposition is carried out inside the reactor
at ambient temperature. Initiation of a chemical reaction is observed when a heated
substrate comes in contact with the vapor. At the end of the reaction, a thin film of
nanoparticles is deposited on the solid surface, then the nanoparticles are separated,
which are found to be uniform, pure, hard and strong (Ealias and Saravanakumar
2017).

Spinning

In this process, synthesis of nanoparticles is done inside the reactor containing a
spinning disc under the control of the affecting factor such a temperature. The reactor
is packed with nonreacting gases like N2 to avoid any reaction. The disc is rotated
at a variable speed in the presence of precursor and water. The rotation causes the
particle agglomerate and precipitate is formed. The precipitate is collected and dried
(Mohammadi et al. 2014). Other parameters such as liquid flow rate, rpm of the disc,
liquid precursor ratio, disc surface area, etc. determine the properties of nanoparticles.
Electrospinning is a kind of method used to produce a thin sheet of polymer fiber.

Sol–Gel

Sol–gel is the old industrial process for the production of colloidal nanoparticles
from the liquid phase. The sol–gel process is mostly used for generation of oxide
nanoparticles and composite nonmaterial. It is themost preferred bottom-up approach
to create nanoparticles due to its ease of operation. Sol is a colloidal solution of
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suspended solids in the liquid. A gel is a solid macromolecule present in the liquid.
The precursor is dispersed in the liquid by the help of sonicator, and later stage, the
phase separation takes place to segregate nanoparticles.

Pyrolysis

It is the most widely used method for bulk production of nanoparticles in indus-
tries. It is carried out by burning a precursor with the help of flame. The precursor
is either liquid or vapor that is fed into the furnace under high pressure through
a small hole where it burns (Kammler et al. 2001). Combustion of precursor result
production of certain undesired gaseswhich are later separated to isolate the nanopar-
ticles. A handful number of industries use plasma instead of flame to produce high
temperature.

2.4 Characterization of Nanoparticles

There are different characterization methods that have been adopted for character-
izing the physicochemical properties of nanoparticles. The characterization process
determines the potential and application of nanoparticles. Some of the techniques
are discussed in Table 1.

3 Enhanced Oil Recovery

There are potential numbers of improved oil recovery processes in practice employed
by the oil and gas industries. Some of them have been described in the introduction
section. However, single EORmethod cannot be adopted for all kinds of formations,
which is because of the variable characteristic of reservoir structurewhichmay be due
to the presence of different types of rocks in particular and distinct characteristics of
the crude oil. Injection of surfactant for enhanced oil recovery is one of the common
EOR methods which is observed by all the industries throughout the world. This
process generally comes under chemical injection categories. Proper selection of
surfactant based on the intense study of their interaction with rock mineralogy and
crude oil can enhance the oil recovery, or else awful situations may develop leading
to a decrease in oil recovery. Literature review suggests the following points to be
considered for enhanced oil recovery.

• Reduction of interfacial tension between water and oil phase.
• Alteration of wettability, i.e., from oil-wet rock surface to water-wet.
• Reduction of the viscosity of crude oil system.
• Reduction in density of the oil phase.
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Table 1 Various characterization methods of nanoparticles

S. No Characteristics Methods

1 Size: It is one of the crucial
characterizations which determine the
size and distribution of the particle. It also
tells whether the particle falls under
nanosize or micro-size

Solid phase: The image of the particle is
measured by a scanning electron
microscope (SEM) or transmission
electron microscope (TEM)
Liquid phase: Photon correlation
spectroscopy and centrifugation
Gas phase: Scanning mobility particle
sizer (SMPS), it provides a fast and
accurate measurement

2 Surface area: Surface area to volume
ratio has a significant influence on the
performance and properties of
nanoparticles

Solid phase: It is measured by BET
analysis. BET stands for
Brunauer–Emmett–Teller analysis
Liquid phase: Nuclear Magnetic
Resonance Spectroscopy (NMR) is used
to find out the surface area of
nanoparticles in the liquid phase
Gaseous phase: A modified SMPS and
differential mobility analyzer (DMA) is
used to determine the surface area of
nanoparticles in the gas phase

3 Composition: The presence of unwanted
substances along with nanoparticles may
reduce the performance. Hence, the
composition test is essential

Solid phase: Composition study is done
with X-ray photoelectron spectroscopy
(XPS)
Liquid phase: Wet chemical analysis,
i.e., mass spectrometry, atomic emission
spectroscopy, ion chromatography
Gas phase: Particle are collected by
electro statistically and analyzed by wet
chemical analysis

4 Surface architecture: It indicates the
texture of the surface, i.e., construction of
the surface with types of nanoparticles
and their arrangement. Shape (spherical,
cylindrical, tubular, conical, and
irregular) of the nanoparticles plays an
important role in deciding the properties
of nanoparticles

Solid phase: SEM and TEM analysis
Liquid phase: Electron microscopy, the
analysis is done after collecting particle
from the deposited surface
Gas phase: Nanoparticles are collected
by electrostatically and analyzed under
advanced electronic microscope

5 Surface charge: Charge of the
nanoparticles decide interaction of
nanoparticles with the target and their
stability in the disperse medium

Solid phase: Zeta potential is determined
by dynamic light scattering (DLS)
technique
Liquid phase: Zeta potential is
determine by dynamic light scattering
(DLS) technique
Gas phase: Differential mobility
analyzer

6 Crystallography: Structure of
nanoparticles

Solid, liquid and gas phase: Powder
X-ray and neutron diffraction
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Literature review exposes that reduction of interfacial tension in the presence of
nanoparticles with the surfactant is more than the pure surfactant. The influence of
nanoparticles in altering the various factors such as IFT, wettability, viscosity, and
density are discussed in detail with a case study taken from multiple researchers.

3.1 Interfacial Tension

Interfacial tension is the force that observed between interphase of two fluids which
hold the molecule of the interface tightly. The force is mostly measured by the
unit of dyne/cm. This force is also affected by concentration of surfactant, alkali,
and nanoparticles in the disperse medium. IFT of two fluid phases also depends on
pressure and temperature of the systems. As the surfactant is added into the fluid
phase during EOR in the reservoir, the surfactant molecule enters into the interphase
and makes the force week which in turn decreases the capillary force in pores, which
increases oil production. It has also been known that interfacial tension reduces the
presence of surfactant and alkali. The process of reduction of interfacial tension of
water–oil system in the presence of surfactant is called surfactant flooding. Similarly,
in the presence of alkali, the EOR process is called as alkali flooding.

Figure 5 shows that due to the introduction of the exotic element (e.g., silicon diox-
ide nanoparticles) at the interphase of oil–water system, force of attraction between
the molecules of two immiscible phases reduces. The reduction in attraction force
among the molecules of the two phases reduces the IFT value of oil–water system.

Research indicates that interfacial tension is minimum when optimum salinity
of water is achieved (Chou and Shah 1981). Beyond the cloud point temperature,
IFT measurement became impossible as the surfactant solution becomes cloudy.
Similarly, in the case of anionic surfactants, Kraft temperature exists below which

Fig. 5 Interfacial tensions (IFT) between two-phase fluid in the presence and absence of
nanoparticles. Data were obtained from Kamal et al. 2017
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surfactant became inactive and drops out from the solution (Negin et al. 2017). The
concentration of surfactant must be more than the critical micelle concentration in
the liquid phase to get the oil solubilized leading to higher production (Hirasaki et al.
2011). In the case of alkyl ethoxy carboxylated nonionic surfactant, ethoxy groups
form a hydrogen bond with water resulting in the decrease in IFT. This indicates that
the different types of surfactants have different effects on the IFT. Various cationic
surfactants of the family belong to CnTAB (Trimethylammoniumbromide) had been
taken to study the impact of IFT on the surfactants. The results were not the same for
all cationic surfactants. It was minimum, i.e., 0.23 mN/m in the presence of C15TAB
and maximum, i.e., 7.6 mN/m for C16TAB. This may be due to the structure of
the surfactants (Kumar et al. 2016). Hence, it can be concluded that all surfactants
have a different impact on the IFT of two fluid phases. This may depend on the
nature, density, and architecture of the two immiscible fluids. IFT can be measured
with the help of a device known as Tensiometer. Pendant drop and Wilhelmy plate
method are the other popularmethods carried out in the laboratory should be replaced
by: most popular methods carried out in the laboratory for IFT measurement. A
laboratory study with sodium silicates, sodium phosphates, sodium carbonate, and
sodium hydroxide as additives in the presence of Petro-step petroleum sulfonate
surfactant manufactured by Stepan Corporation reported that interfacial tension of
injected fluid and oil decreases significantly. The effect of alkali on Petro-step 420
surfactant with NaOH of 0.02 and 0.1 wt% found very low IFT values, 0.023 and
0.008 dyne/cm, respectively (Krumrine et al. 1982).

3.1.1 Effect of Silica Nanoparticles

Silica nanoparticles (SiO2) are the most widely used nanoparticles for investigation
by the researchers due to its low cost. SiO2 nanoparticles have high impact in the
reduction of interfacial tension between formation fluids. It can be measured by
various methods available. Suleimanov et al. (2011) state that to measure IFT, mostly
by pendant drop method is adopted for its accuracy. IFT which was measured in the
above saidmethod between oil and brinewas found to be 19mN/m.After the addition
of varying concentrations of silicon dioxide (SiO2) nanoparticles (10–30 nm) injected
in brine, the significant reduction in IFT between oil and brine was observed, i.e.,
8mN/m. This implies that nanoparticles have a good impact on IFT reduction and
hence improve oil recovery. Hendraningrat et al. (2013) studied the effect of silicon
dioxide nanoparticles on the reduction of IFT for oil–brine system. A significant
reduction in IFT of oil–brine system in the presence of SiO2 NPs (7 nm) was reported
(Fig. 6a). Reduction in IFT of oil–brine system in the presence of nonuniform SiO2

NPs (10–40 nm) was also investigated. It can be seen from Fig. 6b that there is a
continuous reduction in IFT with increase in concentration of NPs (Kamal et al.
2017). Therefore, it can be concluded that SiO2 NPs have good impact in reducing
the IFT of oil–brine system.

It has also been observed that with the increase in the size of the particle, the
recovery of oil may decrease due to pore plugging (Fig. 7a) (Almahfood and Bai
2018). On the other hand, the smaller size of nanoparticles (20–30 nm) can increase
electrostatic repulsion force within nanoparticles, which causes higher disjoining
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Fig. 6 Interfacial tension (IFT) measurements for crude oil against brine with various concentra-
tions of NPs (SiO2). a Brine with fixed size NPs. Data were obtained from Hendraningrat et al.
(2013); b Brine with variable size NPs. Data were obtained from Kamal et al. (2017)
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Fig. 7 a Mechanical entrapment mechanism; b Pore jamming mechanism

pressure. Disjoining pressure driven by the Brownian motion and electrostatic repul-
sion between molecules of two phases results in the reduction of IFT of two phases.
It has also been observed that smaller size of nanoparticles (<10 nm) can cause log-
jamming (Fig. 7b) (Almahfood and Bai 2018). This may result in a reduction in
oil production. Figure 8 shows that with increase in the concentration of particular
size nanoparticles, IFT of the oil–brine system decreases and hence increases the oil
production. A similar study is conducted to see the stability of silica nanoparticles
(5 nm) on oil–water emulsion in the presence of surfactant polyoxyethylene sorbitan
mono palmitate. Performance of nanoparticles in reduction of IFT of oil–water sys-
tem increases as it became hydrophobic in the presence of the surfactant. Adsorption
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Fig. 8 Interaction of NPs with the liquid interface to induced disjoining pressure gradient

of surfactant in the interface of oil–water system is observed to be reduced in pres-
ence of nanoparticles (Sharma and Sangwai 2017). Due to hydrophobic nature, more
nanoparticles occupy the area of interface of oil–water, leading to the reduction in
IFT (Xu and Zhu 2016).

3.1.2 Effect of Alumina Nanoparticles

Aluminum dioxide (Al2O3) NPs with crystalline structure and various shapes were
used by the researcher in EOR applications. A recent laboratory experiment reported
that Al2O3 NPs (40 nm) have good stability at all temperatures (25–60 °C) with
considerable reduction in IFT. The mechanism of IFT reduction has been shown
diagrammatically for better understanding in Fig. 8. Observed reduction in IFT is due
the presence of NPs at the interfacial layer. In low concentration of NPs, they attach
on the surface of liquid layer due to adsorption phenomenon which lead to reduction
in IFT. It was also observed that 92.8% of Al2O3 nanoparticles were recovered after
excess flooding of deionized water but 8.2% remains unrecovered from the pores
of the device. The experimental result reveals that maximum 65.7% of oil recovery
was achieved at 60 °C temperature due to reduction in IFT of oil–water system (Ali
et al. 2014). Kiani et al. (2016) have prepared gamma-alumina NPs from high-purity
gibbsite (99.99%)/ammonium bicarbonate with weight ratio of about 25–45%, and
deionized water of 3–5 mL. The mixture was mixed and placed in a 300 mL. Teflon-
lined autoclave at 75–85 °C for 10h then the solution is cooled at room temperature for
about 30 min. Prepared gamma-alumina NPs with 0.1 weight percent in low salinity
ranging from 2000, 20000, and 200000 ppm reduced adsorption of solvent on the
sandstone surface and hence improve oil recovery. The experimental result reported
that significant reduction in IFT value is due to the adsorption of Al2O3 NPs at the
interface of oil–water system. The recovery percentage of oil for different salinity
rage of 2000, 20000, and 200000 were observed as 56.9%, 64.8%, and 71.48%,
respectively. It can be concluded from the above results that Al2O3 nanoparticles
have significant effect on the reduction of IFT value of two fluid phases.
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3.1.3 Effect of Titanium Dioxide Nanoparticles

Titanium dioxide (TiO2) nanoparticles are crystalline in structure and have wide
applications in different fields. The application of TiO2 in EOR is found to be neg-
ligible because of its cost and comparatively paid less attention by the researchers.
Ehtesabi et al. (2014) have revealed that there is no significant change in reduction
of IFT between injected fluid and oil in the presence of Titanium dioxide (TiO2)
nanoparticles (15 nm). However, it has influenced surface modification of rocks
due to its deposition over the rock surfaces. The minimum IFT reduction generally
achieved at lowest pH, however, it was not observed in case of the TiO2 nanopar-
ticles. It was reported that enhanced oil recovery is due to change in wettability of
surface rather than IFT.Hendraningrat et al. (2013) state that the stability of nanofluid
is challenging factors, because NPs have tendency to agglomerate due to forces of
different natures. Therefore, it is essential to choose proper dispersive medium for
preparation of stable nanofluid emulsion. However stability of TiO2 nanoparticles
(106 nm) was noticed to be possessed good stability at higher temperature of 50 °C.
Moreover, a considerable reduction in oil viscosity was observed after TiO2 nanoflu-
ids flooding at 50 and 60 °C, whereas no significant reduction in IFT was observed
(Ali et al. 2014).

3.2 Wettability

Wettability is the tendency of one fluid to spread on or adhere to on a solid surface
in the presence or absence of other immiscible fluids. Wettability can be understood
as the interaction between the fluid and solid phases. In a reservoir, the liquid phase
can be water or oil, and the solid phase is the rock of the reservoir pores in which
contain crude oil. It is one of the most critical variables in enhanced oil recovery
and also affects few other reservoir parameters such as capillary pressure, relative
permeability, and sweeping efficiency of injected fluids (Almahfood and Bai 2018).
The reservoir by wettability can be divided into three types: (i) oil-wet reservoir,
(ii) mixed-wet reservoir, and (iii) water-wet reservoir. Production of oil from the
oil-wet reservoir is least as compared to other two due to weak sweeping efficiency;
however, the recovery of oil from water-wet reservoir is more than that of the mixed-
wet reservoir. Hence, modification of wettability is essential for the improved oil
recovery process. Wettability evaluation is carried out by contact angle measurement
method. Theoretically, the contact angle is found out by Young’s equation, i.e.,

Ylv CosθY = Ysv − Ysl

Y lv, Ysv, and Ysl are the interfacial tension of liquid–vapor, solid–vapor, and solid–
liquid phases. θY is Young’s contact angle. Similarly, Telescope-Goniometer is used
to determine the contact angle of various liquid on the polish surface experimentally.
A pictorial representation of wetting nature of the surface is given in Fig. 9.



314 U. S. Behera and J. S. Sangwai

Fig. 9 Wetting characteristics of a droplet on the solid surface

3.2.1 Effect of Silica Nanoparticles

Several studies have been conducted to investigate the surface modification ability
of nanoparticles by various researchers. SiO2 has been found to be the most effective
one among experimented. Nanoparticles (SiO2) can modify the oil-wet surface to
water-wet surface and enhances the oil production (Ogolo et al. 2012). Performance
of silica nanoparticles in the presence of polymer shows an excellent result in alter-
ing the oil-wet surface to active water-wet surface (Maghzi et al. 2013). Joonaki
et al. (2014) stated that silica nanoparticles have good ability in wettability alter-
ation and reduction in IFT of two miscible fluids. The above statements support
silica nanoparticles to be an active surface modifying agent. Silica nanoparticles can
improve surface conditions from oil-wet to water-wet. Yousefvand et al. (2015) have
performed wettability tests using water flooding, polymer flooding, and polymer
nanosilica. He noticed that oil recovery was 16.63% during 42 min of water flood-
ing. Similarly, oil recovery was 26.32% during continuous polymer flooding for a
time period of 64 min. But oil recovery was 35% in the presence of nanoparticles
with polymer within 84 min of flooding duration. Yousefvand concluded that drastic
increase in oil recovery from 16.63 to 35% was due the surface modification nature
of silica nanoparticles.

The surface altering properties of silica nanoparticles (11–14 nm) from oil-wet to
water-wet is agreedwith the recent result. Contact anglemeasurement by sessile drop
method stated that in the presence of silica nanoparticles in sodium hydroxide alkali
flooding enhances oil recovery up to 11%. This result reveals that the contact angle
of substrate reduced from 140 to 60–40° and IFT of Na2CO3 at different concen-
trations decreased from 29.8 to 5.903 mN/m in the presence of silica nanoparticles
(Elyaderani and Jafari 2019).

3.2.2 Effect of Zinc Oxide Nanoparticles

Adsorption andwettability are both surface phenomena in which substratemolecules
interact with surfaces. This interaction of molecules depends on surface free energy
available to each surface and the nature of interacting molecules. The amount of
energy needed for adsorption by the adsorbate (surfactant, nanoparticles) on the
surface of the substrate (rocks) is called adsorption energy. If the adsorption of
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energy is more, cluster of atoms likely to get adsorbed on the surface. Adsorption
energy is found to be very high for zinc nanoparticles on calcite surface. Hassan
et al. (2018) state that on the adsorption of zinc oxide nanoparticles, the wettability
of surface changes. It indicates that the zinc oxide nanoparticles have a significant
impact in altering the wettability of calcite surface.

3.2.3 Effect of Iron Oxide Nanoparticles

Iron oxide usually exists in three different forms such as ferrous oxide (FeO), ferric
oxide (Fe2O3), and magnetite (Fe3O4). They have attracted extensively due to their
magnetic properties and their potential application in many fields. As a consequence
of this researchers have tried the fate of iron oxide nanoparticles in the field of
EOR. To study the effect of wettability of nanoparticles on the oil–water system,
numbers of the experiment have been carried out with iron oxide (Fe2O3) (20–35 nm)
nanoparticles. Wettability of the oil–water system on the surface of the sandstone
rocks was justified by contact angle measurement. It was found that iron oxide
nanoparticles have negligible effect in altering the wettability of oil–water system
on the reservoir rocks (Joonaki and Ghanaatian 2014). It can be concluded that the
role of iron oxide nanoparticles has very less influence on the enhanced oil recovery
in terms of wettability alteration.

3.3 Viscosity

It is the properties of a fluid by which fluid offers resistance to the flow. It is the
internal friction of moving the fluid. In EOR, the viscosity of the displacing fluid
should be more than the displaced fluid. In the case of water flooding, displacing
fluid is injected water and displaced fluid is oil. The viscosity of displacing fluid
can be increased by the addition of polymer in the base fluid (Kamibayashi et al.
2005). Commonly used polymer is polyacrylamide (PAM). It is a long chain organic
polymer soluble in water. It forms a colorless nontoxic, nonhazardous solution with
water. In addition to this hydrolyzed polyacrylamide and xanthan gum are also used.
Application of such polymer in enhancing oil recovery process is known as polymer
flooding EOR methods. Viscosity is one of the important rheological properties of
the injected fluid which can be evaluated by viscometer or rheometer. However, the
potential effect of various nanoparticles on viscosity of crude oil and injected fluid
is described below for enhancing oil recovery.

3.3.1 Effect of Silica Nanoparticles

Commonly used nanoparticles in EOR for reduction of viscosity of crude oil are
silicon dioxide (SiO2) for its cost-effective and eco-friendly nature. Viscosity is the
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function of temperature. An experimental result for viscosity of injected fluid in
the presence of SiO2 nanoparticles (14 nm) at 26 °C was reported as 1.28 cp in
brine medium. However, in the absence of nanoparticles at the same temperature
in brine medium was observed as 0.94 cp (Ali et al. 2014). SiO2 nanoparticles
have comparatively good impact in reducing the viscosity of crude oil at different
temperatures than other nanoparticles used during investigation of EOR. In presence
of silica nanoparticles during polymer flooding, the oil recovery enhances up to 20%
than only polymer flooding. The size of the nanoparticles taken in this investigation
was between 11 and 13 nm (Yousefvand and Jafari 2015). It has been noticed that
the oil recovery percentage was increased due to the increase in viscosity of the
injected fluid. Increased in the viscosity of injected fluid accelerate oil displacement
and hence consequently oil recovery. This modification in the properties of injected
fluid might lead to higher amount of oil recovery (Yousefvand and Jafari 2015).

Sharma and Sangwai (2017) performed number of experiments to investigate the
rheological properties of different nanofluids at room temperature (25 °C). Different
types of nanofluids were prepared by varying the concentration of SiO2 nanoparticles
in the base fluid, i.e., deionized water containing polymer, polyacrylamide. Compo-
sitional details and the nomenclature of various nanofluids they have used during
the investigation are listed in Table 2. Their investigation also includes the effects of
temperature on the viscosity of various nanofluids and is presented in Table 3.

From Table 2, it has been observed that with increase in the concentration of SiO2

NPs in the base fluid (deionized water with polymer), viscosity increases (For NP
and NSP nanofluid). A plot of viscosity versus concentration of nanoparticles has
been drawn to better understand the relation between viscosity and concentration of
nanoparticles (Fig. 10a). The reason for increase in the viscosity of nanofluids may
be due to the better dispersion of polymer molecules in the presence of nanoparticles.
However, size of the nanoparticles plays an important role for enhancement of vis-
cosity of the nanofluids. Increase in the viscosity of injected fluid during EOR may

Table 2 Compositional details and nomenclature of various nanofluids (Sharma andSangwai 2017)

Nanofluid SiO2 (wt%) SDS (cmc
wt%)

PAM (PPM) Temperature
(°C)

Viscosity
(Pa.s)

NPs 0.5 0 1000 25 1.77

+Polymer
(NP)

1.0 3.49

1.5 3.99

2.0 4.24

NPs+ 0.5 0.14 1000 25 1.31

Surfactant+ 1.0 3.04

Polymer
(NSP)

1.5 3.26

2.0 3.58
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Table 3 Effect of temperature on viscosity of various nanofluids (Sharma et al. 2016)

NPs + Polymer (NP) NPs + Surfactant +
Polymer (NSP)

Surfactant + Polymer
(SP)

Polymer (P)

Viscosity Temperature Viscosity Temperature Viscosity Temperature Viscosity Temperature

(Pa.s) (°C) (Pa.s) (°C) (Pa.s) (°C) (Pa.s) (°C)

7.6 30 7.1 30 3.1 30 5.05 30

7.4 50 6.2 50 1.4 50 3.58 50

7.1 70 6.07 70 0.63 70 2.44 70

6.7 90 5.6 90 0.49 90 1.79 90

Fig. 10 a Variation of viscosity of different nanofluids (NP and NSP) with concentration of SiO2;
b Effect of temperature on viscosity of various fluids (P, SP, NP, and NSP)

lead to higher recovery because of higher sweeping efficiency and reduced viscous
fingering.

Figure 10b and also Table 3 show that viscosity of the various fluids decreases
with increase in temperature. This is because with increase in temperature the cohe-
sive force between the molecules decreases and hence viscosity. However, the effect
of temperature on viscosity for nanofluids NP and NSP is relatively less than the con-
ventional P and SP fluids. This indicates that SiO2 nanoparticles have favorable effect
on rheological properties of nanofluids at elevated temperature (Sharma et al. 2016).
Thus, from above investigation a conclusion can be drawn that at higher temperature
EOR application, nanofluids can perform comparatively better than conventional flu-
ids due their thermal stability. Similarly, a study on heavy oil by Kumar et al. (2018)
reveal that the viscosity of heavy crude oil can be reduced by solvent-based Pickering
emulsion in which SiO2 NPs play an important role to stabilize the emulsion.
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3.3.2 Effect of Alumina Nanoparticles

Aluminum oxide (Al2O3) nanoparticles are the secondmost popularly used nanopar-
ticles during investigation in the lab scale for enhanced oil recovery. Bayat et al.
(2014) studied the influence of Al2O3 nanoparticles on viscosity reduction of crude
oil at different temperatures from 26 °C to 60 °C through core flooding experiments.
They have investigated the rheological property of the crude oil after each flood-
ing. They have reported that viscosity of crude oil decreased to a large extent in the
presence of Al2O3 nanoparticles at 60 °C and enhanced oil recovery by 4.895%.
Ogolo et al. (2012) conducted an experiment to study the viscosity of crude oil in the
presence of Al2O3 nanoparticles. The nanoparticles Al2O3 (40 nm) were dispersed
in brine to prepare nanofluids to investigate the effect of nanofluids in reduction of
viscosity of the crude oil. They have reported that there was significant reduction in
the viscosity of crude oil at 26 °C. Extensive study with various nanoparticles such
as Al2O3, Fe2O3, magnesium oxide (MgO), zinc oxide (ZnO), and tin oxide (SnO)
reveals that alumina nanoparticles (40 nm) have tendency to improve oil recovery by
reducing the viscosity of the crude oil. Kamal et al. (2017) performed the number of
experiment with Al2O3, SiO2, and TiO2 nanoparticles in brine with 0.3 wt% NaCl
for water flooding at 26 °C. The recovery of crude oil was found to be on average of
47.3%. But in the same injection condition in the presence of the above-mentioned
nanoparticles oil recovery was increased due to decrease in viscosity of the crude
oil. Recoveries of oil in the presence of Al2O3, SiO2, and TiO2 nanoparticles are
reported by authors as 52.6%, 50.9%, and 48.7%, respectively. The decreased vis-
cosity of crude oil helps in reducing the surface tension, increase the permeability of
oil and improve the reservoir seepage conditions.

3.3.3 Effect of Nickel Oxide Nanoparticles

Nickel oxide nanoparticles (Ni2O3) have been speculated as a good in situ agent in
resolving the oil recovery problems. Dispersion medium plays an important role;
therefore, it is important to select a good dispersion medium for particular types of
dispersed phase during oil recovery operation. Ogolo et al. (2012) experimented four
types of dispersion medium, namely, distilled water, brine, ethanol, and diesel. The
best result in terms of oil recovery obtained was with ethanol dispersion medium. It
was observed that viscosities of injected fluid (NPs + ethanol, NPs + Brine, NPs +
distilled water) were much more than the recovered oil. Viscosity of carbon dioxide
gas (CO2) increased when 1 wt% of nickel oxide (NiO) NPs (60 nm) and 2 wt%
of polydimethylsiloxane mixed with 97 wt% of CO2. The above-mentioned inject-
ing fluid was prepared by dispersing NiO nanoparticles into CO2 prior to injection
into the oil reservoir. This process was carried out at minimum miscible pressure
(6000 psi) to secure CO2 miscibility at 120 °C. Oil containing asphaltene recovery
percentage increases dramatically by the injection of above prepared fluid up to 70%
(Hashemi et al. 2016). Another study by Barkat et al. (2008) reported that NiO NPs
enhance the viscosity and thermal conductivity of polymer mixture with increasing



Interaction of Nanoparticles with Reservoir Fluids and Rocks … 319

Fig. 11 Schematic diagram describing interaction of NPs with polymer solution

the concentration of nickel oxide nanoparticles. NiONPs have high tendency to form
chemical bond with polymer, resulting high viscosity polymer mixture (Fig. 11).

3.3.4 Effect of Iron Oxide

With uniquemagnetic and electrical properties, iron oxideNPs have been proposed as
nanosensor. However, a few numbers of studies have been observed on the potential
use of iron oxide NPs in the field of EOR application. Iron oxide NPs can increase the
viscosity of injected fluid (displacing fluid), which leads to higher sweep efficiency.
It was reported that magnetic fluid (iron oxide nanofluid) in the presence of surfactant
and carrier fluid enhances the viscosity of the displacing fluid. The magnetic fluid
is a smart fluid which contains Fe2O3 nanoparticles along with base fluid under
the application of a magnetic field. The experimental result shows that there is an
increase in the viscosity of the base fluid in the presence of a magnetic field. When
the magnetic field is removed, fluid behaves as base fluid with reduced viscosity. In
this study it was reported that oil recovery can be improved by the application of
such kind of smart fluid (Kothari et al. 2010). Ferrofluids (Fe3O4) were proposed
for magnetic heavy oil recovery by Shekhawat et al. (2016). The magnetic recovery
mechanism involves injection of magnetic NPs into the reservoir and pushing the
NPs toward the production zone of the reservoir using a repelling magnetic force
from downhole tools. Then, inward magnetic forces are applied toward the borehole
to attract and recover the magnetic NPs that are already soaked with oil. In this way
greater percentage of recovery can be achieved.

Based on the density of oil, the reservoir is divided into two types, namely, light
oil reservoir and a heavy oil reservoir. Chemical flooding and polymer flooding are
usually adapted to recover the crude oil from light oil reservoir. However, various
thermal methods are applied to recover crude oil from heavy oil reservoir. Some of
the heavy oil reservoir, trial of chemical flooding has been taken into consideration
for EOR study.

In field scale, most common methods used for heavy oil production is thermal
enhanced oil recovery. In situ combustion is one of the rapidly applicable methods
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for enhanced oil recovery. In this method, fire is ignited in the subsurface with a
fire fed by continuous supply through the injection well. Finally, fire moves toward
the production well from the injection well. With the generation of huge heat in the
reservoir higher hydrocarbon compound decomposes to produce smaller ones which
result in increase in mobility due to mixing the vapor of lighter hydrocarbon with
the reservoir fluid and hence increases fluid flow.

4 Thermal Methods for Enhanced Oil Recovery

Some popular thermal methods have been adopted for heavy oil reservoirs for oil
production in which heat energy is introduced into the formation containing highly
viscous crude oil. These methods are divided into two types: (a) steam injection
methods; (b) in situ combustion methods. Steam injection is most common method
used for shallow heavy oil. Some of the examples of such reservoirs are in the San
Joaquin Valley of California or those that comprise the oil sands of Alberta, Canada.
In steam injection methods, steam is injected into the formation through the injection
well and is driven toward the oil to physically displace it. Steam floods require
continuity in the formation to allow steam to drive oil toward the production well. As
steam carry huge amount of heat along with it, the complex hydrocarbon molecule of
reservoir fluid decomposes producing numbers of lower hydrocarbons. Lowering the
viscosity of the reservoir fluid is due to mixing the vapor of lower hydrocarbon with
the reservoir fluid. The decreased viscosity helps to reduce the interfacial tension,
increase the permeability of oil and improves the reservoir seepage conditions. Steam
injection is usually more environmental friendly than other EORmethods. The steam
itself does not pose a great threat since it just condenses to water, which causes no
pollution.

Similarly, during in situ combustion process, significant amount of heat is gener-
ated in the reservoir leading to breaking of complex molecular compounds. In situ
combustion is basically injection of an oxidizing gas (air or oxygen-enriched air) to
generate heat by burning a portion of resident oil. Most of the oil is driven toward
the producers by a combination of the gas, steam, and water. This process is also
called fire flooding to describe the movement of a burning front (forward or reverse)
inside the reservoir. During the process, oil-wet surface of the rocks changes into
water-wet and viscosity of the oil reduced drastically. The decrease in viscosity of
the oil increases the probability of higher oil production. Thermally enhanced oil
recovery method is the best technique for unlocking the heavy oil formation (Sahar
et al. 2018).

The result of recent experiments (Sahar et al. 2018) reported that the application
of iron oxide (Fe2O3) nanoparticles (2 wt%) with distilled water as a dispersion
medium on heavy oil reservoir has decreased the viscosity of the oil and increased
the oil recovery. The results also revealed that heavy oil recovery with application
of iron oxide nanofluid also known as magnetic fluid was achieved up to 68.41%.
The investigation report revealed that in the presence of Fe2O3 NPs (30 nm), oil
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mobility increases due to reduction in oil viscosity. With the reduction in viscosity
of the reservoir fluid, swept efficiency of oil increased (Sahar et al. 2018). This
result indicates that Fe2O3 nanoparticles have good influenced over the reduction of
viscosity of heavy oil reservoir fluids.

5 Microbial Method

This is the enhanced oil recovery method in which microbes are used for better
production of the oil from existing dead well. Under this method, suitable microbes
are introduced into oil wells along with water or biodegradable polymer to produce
nontoxic by-products which help in oil recovery. This may include oily substances
or gases that may help in extracting oil out of the well. The released material may
help to mobilize the oil and facilitate oil flow by reducing oil viscosity or altering
wettability. In Table 4, some bio-product along with their functions is described.

Some microbes release slimy substances known as exopolysaccharides to protect
themselves from drying out. This substance helps bacteria to plug the pores seen on
the surface of the rock. This may allow the oil to move through the rock surfaces
more easily. Blocking of high permeable oil zone by exopolymeric substance and
allowing the water to flow through low permeable zone of oil reservoir is known as
selective plugging. This facilitates smooth movement of water through low perme-
able zone leading to increase oil recovery. Microorganisms produce oily substances
called surfactants which help in altering oil-wet rock surface to water-wet. As they
are naturally produced by biological microorganisms, they are referred to as bio-
surfactants. Biosurfactants act like slippery detergents, helping the oil move more
freely away from rocks and crevices so that it may travel more easily out of the
well. This method is still in developing stage as significant field-scale application
is not observed or may have applied rarely. If this became successful, the crude oil
productions costs would be reduced to a large extent. This method may become a

Table 4 Bio-Products of microbial degradation and their functions (Lazar et al. 2007)

S. No Bio-product Function of bio-product

11 CH4, CO2: gas Reduce oil viscosity and improve fluid
flow

2 Biosurfactants: slippery solid substance The slippery substance that reduces
interfacial tension alter wettability

3 Bio-polymers: solid substance Improve the viscosity of injected water in
water flooding and displaces reservoir
fluids. This result in enhanced oil recovery

4 Biomass: microbial cells Can plug high permeability zones
Help in partial degradation of complex
C–C bond

5 Lower density sour gas: CO2 Help in the reduction of viscosity
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more attractive alternative to replace traditional chemical methods of improved oil
recovery. A new concept for plugging is developed by biomineralization to form
calcite cement layer in carbonate formations (Sheehy 1991). This concept relates to
microbacteria generated from the indigenous reservoir through nutrient manipula-
tion. Field-scale application on this concept needs to improve technically. From this
literature studies, we can say that there is a lot of scopes to research in this field.
An experiment was conducted in the laboratory to see the effect of silica nanoparti-
cles with biosurfactant on interfacial tension. To view the influence, three different
types of solutions were prepared, namely, distilled water-nanosilica, distilled water-
biosurfactant, and distilled water-nanosilica with biosurfactant (Khademolhosseini
et al. 2015). The oil recovery for the individual sample is reported as 19%, 29%, and
52%, respectively. This indicates oil recovery is highly influenced by the presence
of silica nanoparticles with biosurfactant.

6 Gas Injection Method

Gas injection is a type of secondary or tertiary oil recovery method in which miscible
gas is injected into the crude oil reservoirs. Gas injection method is adopted for a
medium pressure reservoir. Miscible gases such as hydrocarbon carbon (methane)
and non-hydrocarbon gases (nitrogen or carbon dioxide) injection into the reservoir
help in maintaining partially or completely the reservoir pressure. In addition to
balancing the reservoir pressure, soluble gases in the oil result in swelling of oil
and increase the oil mobility which expand oil recovery. Gas injection methods are
mostly applicable to the oil reservoir unsaturated with hydrocarbon gas for effective
result. Recovery efficiencies increase with continued gas injection, but the rate of
recovery diminishes after gas breakthroughoccurs as the gas–oil ratio increases.Non-
hydrocarbon gases can also be used provided they should not have any contribution
in imparting corrosion and should be separable easily.

The most successful immiscible gas injection projects are the vertical gravity
drainage projects in which gas is injected into the crestal primary or secondary gas
cap, with the oil wells producing from as far downdip as possible to maximize this
distance from the gas cap both vertically and laterally. The pictorial view of the gas
injection process is represented in Fig. 12.

Gas injectionswell are potentially used to inject gas (miscible-CO2 or immiscible-
N2) into the reservoir to push the oil to a producing well. A case study can be
discussed to better understanding the process. Bender and Akin (2017) mentioned
that a field-scale study was conducted for few years to know the production ability
of pure carbon dioxide (CO2) and flue gas (CO2 + N2 + SOx+ NOx). It was found
that the production rate of CO2 was more than flue gas due to its solubility over
the same period. According to the authors, pressurizing the reservoir with flue gas
injection followed by pure CO2 injection may improve the production and can make
the process more economical. For heavy oil reservoir gas injection process is applied
rarely. However, this is one of the best methods in which CO2 and flue gases can be
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Fig. 12 Pictorial view of a gas injection well and production well

used for oil production and simultaneously can be protected the environment from
those unwanted gases. Miscible gas injection increases the overall displacement
efficiency, minimizes residual oil saturation, promotes low IFT, and increases oil
production significantly.

Nanowater with alternative gas injection (NWAG) is one of the most recent
novel methods that have been tested for oil recovery in lab scale. Moradi et al.
(2015) claimed that NWAG (silica nanoparticles dispersed in water gives nanofluid)
enhances the oil recovery from 54.7 to 79.3% compared to the traditional water
alternative gas (WAG) injection methods. The nanoparticles within the size range
of 11–14 nm have ability to recover more oil than the nanoparticles with size range
30–40 nm. It was reported that mixture of Ni2O3 nanoparticles (100 nm, 1 wt%)
and PDMS (Polydimethylsiloxane, 2 wt%) dispersed in CO2 dispersion medium to
investigate the asphalting recovery. The oil recovery factor obtained was 78.57%
Hashemi et al. (2016). Hence, this method can be considered as one of the feasible
potential crude oil recovery processes for oil-wet carbonated reservoir.

7 Field Application of Nanoparticles

Application of nanoparticles in the real oilfields is still under decision. Neverthe-
less, minimal field applications are available that reflect satisfactory results in crude
oil production. Environment feasibility and cost of nanoparticles are the two most
important factors that stand against application of nanoparticles in field scales. But it
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is expected that in near future nanotechnologymay play vital role in oil and gas indus-
tries. This is because of expansion of nanotechnology in every field as a success tool
which enhances curiosity among the researchers of oil and gas industries. Bera and
Belhja (2016) state that an offshore well of china suffers from production loss due to
finemigration. Polymer cross-link nanoparticles whose surface treatedwith proppant
(solid material typically sand designed to induce hydraulic fracture open) were used
and oil production was recovered. The recovery was because of surface-modified
nanoparticles which carry fine migrant into the fracture during fluid flow.

Another field study which was carried out in Arab-D carbonated reservoir of giant
Ghawar of Saudi Arabia. The objective of the field study was to observe the recover
percentage of A-dot nanoparticles (special design hairy carbon-based fluorescent
nanoparticles for this field application) during the production which is most chal-
lenging one. During the production 5 kg of A-dot nanoparticles in 255bbl of injection
water was employed per batch. The bottom-hole temperature of 90 °C and pressure
less than 1500 psi signify the reservoir condition. When the production resumed, 84
samples were collected within a period of 2 days to investigate the concentration
of nanoparticles in each sample at different levels of production. The samples have
undergone several tests (SEM, TEM, and AFM) to find out the concentration of
A-dot nanoparticles. It was concluded that A-dot nanoparticles were stable even if
harsh condition of reservoir and 82–86% of used nanoparticles could be recovered.
This was one of the successful field trials in terms of recovery of nanoparticles ever
observed (Mazen et al. 2011).

The common reason for formation damage is due to fine migration that plugged
the pore near the wellbore which decelerate the production capacity of the well. A
wellbore located in Gulf of Mexico encountered with similar problem. The reservoir
temperature was about 160 °F and pay zone measured depth of 15,760–15,860 ft.
During about 14 month of production period, production declined from 7,500 to
2,200 barrel of oil per day and gas from 6000 MCF to 2000MCF (MCF sands for
thousand cubic feet). A frac-packing treatment was carried out to get rid of the
problem. Proppant surface coated with nanoparticles at loading of 1 lb per 1000 lb
of proppant were used. The flow of fine migrant was restricted due to adsorption on
surface-treated proppant particles and the production was brought back (Huang et al.
2010).

8 Limitation of Nanoparticles in EOR

Nanoparticles are prepared through various complex processes which have been dis-
cussed earlier. As the production cost of NPs is quite expensive, therefore application
of NPs in field scale is still questionable. Keeping in the view of cost as an important
factor most of the researchers have used SiO2 nanoparticles during the investigation
(Kamal et al. 2017). In addition to the above-discussed factor stability of nanopar-
ticles in dispersion is most challenging one which needs to be addressed. However,
oil–water–surfactant emulsion better stabilized in presence of silica nanoparticles
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was reported in literature. Investigation result proved that oppositely charge NPs and
surfactant system, i.e., anionic surfactant with cationic NPs or cationic surfactant
with anionic NPs provide comparatively good stabilization (Danial et al. 2018). It
is also noticed that nanoparticles-based stabilized emulsion can sustain even in the
harsh reservoir condition. But there is no field application observed so far based on
the researcher investigation result; hence, a concrete statement cannot be given at
this time.

Another most important concern is safety which needs to be addressed. Nanopar-
ticles are injected into reservoir or wellbore along with drilling fluid, completion
fluid, water flooding, or EOR fluid. Thus, during the operation field worker need to
have preventive measures or else these tiny nanoparticles may enter into the lungs
through respiration and block the lungs pore and cause many more health problems
in human beings. There is no proper technology so far developed to recover the NPs
from the base fluid once after used. If the base fluid is thrown on to the earth’s sur-
face without recovering nanoparticles, then they may enter into the living body and
interact with cells because of their mobility nature. This interaction of nanoparticles
with cells may damage the body tissue causing other problems as well. Due to the
large surface area, nanoparticles absorb quantitatively more body fluid onto their
surface when they encounter with macromolecules. This may affect the regulatory
mechanisms of enzymes and other proteins. Research has shown that buckminster-
fullerene, a spherical fullerene molecule with formula C60 can cause brain damage
in fish (Karkare 2015). Therefore, the above-discussed issue should be addressed
before the field-scale application of nanoparticles in EOR.

9 Conclusion

It has been observed that different types of nanoparticles have been used in enhanced
oil recovery investigations by various researchers. Nanoparticles used in enhanced
oil recovery to investigate the effect of particular nanoparticles in wettability alter-
ation; viscosity enhancement and IFT reduction are found to be encouraging for
oilfield application. Use of nanoparticles with displacing fluid decreases the interfa-
cial tension, increases the rheological properties; alters wettability from oil-wet to
more water-wet. The trial of silica nanoparticles is considered by many researchers
for EOR application. It has been found that even though there is a little variation in
the silica nanoparticles size, a good agreement in crude oil recovery is observed. Sta-
bility of nanoparticles in the dispersed phase is one of the challenging factors which
have to be addressed by the researchers. Numbers of articles have been published by
various researches, but no field application is carried out so far based on different
nanoparticles. Hence, it is essential to make the process more feasible for field-scale
applications. As the cost of nanoparticles is very high, researchers should pay more
attention to low-cost nanoparticles for EOR application. The recovery procedures
of nanoparticles need more investigations. The nanoparticles are dispersed in the air
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medium and can quickly enter into lung leading to lung diseases. Therefore, adequate
handling and disposal methods should be proposed.
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Versatile 1-D Nanostructures for Green
Energy Conversion and Storage Devices

R. R. Deshmukh, A. S. Kalekar, S. R. Khaladkar and O. C. Maurya

Abstract Increasing population and living standards demands high energy provi-
sions; but considering pollution issues and depleting fossil fuel reservoirs, the fulfill-
ment of the energy demands through eco-friendly/green renewable energy technolo-
gies have become an urgent need. Among all renewable energy systems, photovoltaic
solar cells (PSC) with energy storage systems (ESS) such as batteries or superca-
pacitors have attracted great attention as the next generation of energy suppliers.
However, the efficiency of PSC and ESS inherently depends on the electrode mate-
rial’s properties, like structure, size, shape, charge transport properties, active surface
area, and so on. Owing to maximum active surface area, high surface to volume ratio,
fast charge transport, efficient light harvesting, and simplistic eco-friendly growth,
the one-dimensional (1-D) nanostructures has become a promising solution to the
fabrication of efficient PSC and ESS. Here in this chapter we have discussed simple,
cost-effective and environmentally benign growth of 1-D nanostructures and their
efficient application in PSC and ESS. This chapter brings you updated literature
survey on green synthesis of 1-D nanostructures applied in PSC and ESS.

Keywords 1D nanostructures · Solar cells · Batteries · Supercapacitors

1 Introduction

Continuously increasing world population and improving living standards are plac-
ing huge demand of energy. It has been speculated that the world energy demand
will reach 612 quadrillions Btu (~649 × 1018 J or 33 GW years) in 2020 (Ganguly
et al. 2014). Current energy consumption scenario (Fig. 1a) depicts that nearly 70%
of energy demand is fulfilled from fossil fuels that include oil, coal, and natural
gas, which has become our main energy source for human activity. Such a situation
will put us in major problem in future, because fossil fuels are non-renewable and
are depleting. Moreover, global warming, air pollution, environmental degradation,
ozone layer depletion, and ecological devastation are some of the major concerns
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Fig. 1 a Recent world primary energy consumption (British Petroleum 2018). b Source-wise
projected share of annual global energy production [73]

associated with the fossil fuels. Thus, development of green energy technologies
based on renewable energy resources has become urgent need of globe for sustainable
progress of human being.

In the pursuit of green and efficient renewable energy harvesters, various energy
technologies have been discovered by scientists. These various technologies include
hydro energy, tidal energy, wind energy, geothermal energy, and solar energy. Among
all these renewable energy resources, hydroelectric and wind energy heavily domi-
nate the renewable energy sectors which are about 6.8 and 1.9%, respectively, of total
yearly energy consumption, as seen from Fig. 1a. The problem associated with the
wind energy is very high cost of installation and maintenance, fluctuation of winds
over a period of time, and some sort of noise pollution (Eric Rosenbloom 2006),
whereas expensive costs and huge environmental impact are certain disadvantages
to use hydroelectric energy. Thus the best alternative is to use solar energy which
includes photovoltaic solar cells (PSC) and efficient energy storage systems (ESS)
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as future generation energy sources. It is very clear from Fig. 1 that currently solar
energy accounts just about 1% of the total energy consumption which is quite low.
But from Fig. 1b, we see that the demand for solar energy will increase exponentially
and it will surpass all other sources of energy to be the most prominent alternative
energy source by the end of this century. What do you think is responsible for such
a large-scale growth in solar energy sector? The primary reason for the same lies in
the fact that current annual world energy consumption is nearly 1.6× 105 TW, while
in one hour the earth receives 1.73 × 105 TWh of energy from the sun (Goswami
and Besarati 2013).

Thus, the earth receives more energy from the sun in a single hour than the whole
of humanity consumes in an entire year. With advent in technologies, low-cost solar
cell fabrication, one-time investment, government incentives and greater awareness,
world is trying to shift toward solar energy. Studying the end use distribution of
PSC generated energy, it is found that after generation storage of energy is the
second important issue; in view to resolve it, intense research work is required for the
development of efficient energy storage devices like rechargeable and high-capacity
batteries and supercapacitors. Therefore, energy conversion, aswell as energy storage
research, is at the focal point of current research activities.

The fabrication of efficient energy generation and storage devices cannot be com-
pleted without the use of nanomaterials. As the recent studies in various disciplines
such as biology, chemistry or physical sciences, and technologies have shown that
when particles approach their nanoscales, they show completely different properties
as compared to their bulk material. For example, gold which we see yellow appears
red or purple in nanoscale. In nanoparticles, quantum effects dominate the behavior
and properties of particles. Secondly, “tunability” of properties can be done, that
is, one can fine-tune the properties of material of interest by changing the size and
shape at nanoscale. The key importance of making nanostructures is they have far
large surface areas as compared to similar bulk material. To be more precise, con-
sider an example of solid cube with sides of 1 cm; its surface area is of 6 cm2. If
the same cube is filled with 1 nm-sized cubes, they cover an effective area of about
600,000 cm2, which is about one-third size of a football field. This key property
of having a very large surface area in small volume, that is, high surface to vol-
ume ratio of nanomaterials boosts the performance of devices (Thaxton et al. 2009).
Recent research shows that along with size, the shape of nanostructure also plays a
crucial role in modifying electrical, magnetic, optical and mechanical properties of
material (Kamble et al. 2016). The nanomaterials in energy conversion and storage
devices perform photovoltaic interactions as well as the chemical reactions at the
surfaces/interfaces, so the surface energy, specific surface area, charge transporta-
tion, light harvesting and surface chemistry play a very important role. To grab all
these properties in nanomaterials, the one-dimensional (1-D) nanostructure is the
best option; hence the 1-D nanomaterials have stimulated an increasing interest in
research and industries of PSC and ESS. Various 1-D nanostructures like nanofibers,
nanorods, nanowires, nanobelts, nanotubes, hierarchical nanostructures and so on, as
shown in Fig. 2, seem to be grown by different techniques. Such 1-D nanostructures
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Fig. 2 Different 1-D nanostructures applicable in energy conversion and storage devices

assure increased surface reaction sites, efficient light harvesting and charge trans-
portation, owing to their large length to diameter ratio, that is, aspect ratio (Han et al.
2011). Hence the 1-D nanomaterials have a profound impact in the development
of nanoelectronics, photonics, nanoenergy devices, and so on. Although so many
methods have been developed to fabricate 1-D nanomaterials, the development of
practical, simple, high-yield and low-cost method is still of a great challenge. This
chapter comes with an updated literature survey and a brief discussion about the
growth and application of 1-D nanomaterials in PSC and ESS.

2 Growth of 1-D Nanomaterials

Various techniques are used for 1-D nanomaterials growth including physical as well
as chemical techniques. Though physical techniques give more ordered nanostruc-
tures, the need of high temperature and vacuum makes it costly and unsuitable for
large-scale production. Whereas with fine optimization of growth conditions one
can achieve finely tuned 1-D nanostructures using cost-effective, green and scalable
chemical techniques, particularly hydrothermal, chemical reduction, chemical bath
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deposition and so on (Tiwari et al. 2012). Chemical techniques can give scalable prod-
ucts and through proper selection of precursors and some optimizations one can adopt
completely green synthesis route. One-dimensional nanomaterials can normally be
synthesized either by top-down or bottom-up approach and both of them have their
own set of advantages and disadvantages. Both these approaches are discussed in
detail below.

2.1 Top-Down Approach

In this method, a bulk material is taken and then broken down into finer pieces by
chemical or mechanical energy known as physico-chemical etching of bulk crystals
to nanodimensions using masks. Thus, it is a technique which retains the bulk order
at highly reduced scales with structures that are also sometimes termed as “self-
determined”. If themask is used conventionally, then it is termed as photolithography
while the other process is called as e-beam lithography or imprint lithography if the
mask is not used directly (Ganguly et al. 2014). This process is not cheap and is not
suitable for large-scale production.

One of the chemical methods in the top-down approach is metal-assisted chemical
etching. Metal-assisted chemical etching is a technique which is mainly used for
fabricating silicon and germanium nanowires. The silicon and germanium is etched
by using hydrogen peroxide and highly hazardous hydrogen fluoride in the presence
of noble metals such as platinum, silver, gold and so on. The etching mechanism
is dependent on various factors which are the etchant, illumination, noble metal
used, doping type and the concentration of the substrate taken (Huang et al. 2011).
As this method includes hazardous enchants and expensive metals, the method is
inconvenient to use and less popular. The difference in top-down and bottom-up
approach can be easily understood from Fig. 3.

2.2 Bottom-up Approach

In this method the material is synthesized via chemical reactions in such a way that
the atoms or molecules aggregate into clusters which allow the precursor particles to
grow in size, and it known as nucleation. The nucleation process generates clusters
like “seeds” which further generate the long range order needed for crystallization.
Thus, in this technique, self-assembly of crystalline order takes from disordered
vapor (which may be atoms, molecules or ions), solid or liquid phase through least
machine or human interference (Ganguly et al. 2014). Typical examples are quantum
dot formation during epitaxial growth and formation of nanoparticles from colloidal
dispersion. The process is less expensive and large amount of nanomaterials can be
synthesized easily as compared to top-down approach. It can be classified mainly
into two types.
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Fig. 3 Top-down and bottom-up growth mechanism of 1-D nanostructures

2.2.1 Catalyst-Assisted Approach

In this approach the metal catalyst eutectic temperature reduces the symmetry of
the seed by introducing a liquid–solid interface. When the super saturation of the
catalyst takes place with the source, it leads to the precipitation of source in the
crystalline form which further grows in an anisotropic manner to generate nanowires
(NW) (Wu 2002). This is popularly known as vapor–liquid–solid (VLS) strategy. On
increasing the size of the catalyst particle, the diameter of the resultant nanowire can
be increased.

2.2.2 Catalyst-Free Approach

The bottom-up approach can also be done even without using the metal catalyst.
One-dimensional nanowire growth can be achieved due to the intrinsic anisotropic
property of a solid crystal where the crystallizations are preferred along a certain
crystal axis. Examples include low-pressure chemical vapor deposition growth of
germanium and silicon nanowires on silicon (110) and (100) substrates, respectively
(Kim et al. 2009). It is also found that gallium nitride also shows anisotropic growth
(Schlager et al. 2006). The most common method in the catalyst-free approach is the
vapor–solid (VS) method where the source vapor dissociates at higher temperature
and undergoes a chemical reaction in the gas phase and condenses on a substrate kept
at lower temperatures (Duay et al. 2013; Duong et al. 2014). In the case of growth of
nanowires and nanorods, mostly molecular beam epitaxy (MBE) or plasma-assisted
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molecular beam epitaxy process (PAMBE) are used. The method requires an ultra-
high vacuumof the order of 10−8 torr and low deposition rate, which is approximately
10 nm/min thatminimizes the latticemismatch (epitaxy) between the growing crystal
and the substrate. Ultra-pure solid sources, such as gallium (Ga) or indium (In), are
heated in a Knudsen effusion cell where they sublimate and the beam of evaporated
atoms reach the substrate without any gas-phase reaction. On the substrate, kept at
controlled temperatures, the beamsmay reactwith each other and condense to form1-
Dnanostructures of high crystallinity. Suchpure and strain-freematerials are required
for applications such as LASERS and light-emitting diodes (LEDs) (Chen et al.
2011; Krishnapriya 2017; Lu et al. 2013). Also, the variety of pure semiconductor
1-D nanostructures can be grown by various low-cost chemical techniques (Kamble
et al. 2014, 2015a, b; Patil 2017).

The top-down and bottom-up approaches of growth are followed, both in physi-
cal and chemical synthesis techniques. Physical technique includes: (1) evaporation
technique, (2) sputtering technique, (3) lithography processes, (4) hot and cold pro-
cesses, (5) spray pyrolysis, (6) inert gas-phase condensation technique, (7) pulsed
laser ablation. While chemical techniques include: (1) lyotropic liquid crystal tech-
nique, (2) electrochemical deposition, (3) electroless deposition, (4) hydrothermal
and solvothermal techniques, (5) sol–gel technique, (6) chemical vapor deposi-
tion, (7) chemical bath deposition (CBD), (8) successive ionic layer adsorption and
reaction (SILAR), and so on.

Both the physical and chemical techniques have their own advantages and limita-
tions. But chemical methods are preferred and have an important role in developing
large-scale 1-D nanostructures which can be attributed to the following properties
of chemical techniques: (1) good chemical homogeneity as it offers mixing at the
molecular level and (2) its versatility in designing and synthesizing new materials
which can be further refined into the final end products (Tiwari et al. 2012).

3 1-D Nanostructures for Photovoltaic Solar Cells (PSC)

The basic phenomenon in PSC includes the excitation of electrons in semiconductor
to higher energy level due to incident photons, and these photo-excited electrons
and their positive counterparts (holes) are able to generate an electrical current in
an external circuit. However, an asymmetry in the electronic system is required to
separate these positive and negative charges. Bringing two different (e.g. p- and n-
type) semiconducting materials into contact with each other can cause this. Also the
device concepts like Schottky diodes or sandwich of a low-doped semiconductor in
between two different metal electrodes, and photo-electrochemical device are some
of the other possibilities. Depending on the device concept and material used for
separation of photo-generated charge carriers there are different types/generations of
solar cells like silicon solar cells which comes in first generation, thin film solar cells
from second generation, from third generation dye-sensitized solar cells (DSSC),
quantum dot sensitized solar cell (QDSSC), polymer heterojunction solar cell, and
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newly emerged fourth generation that includes highly efficient Perovskite solar cells
and so on. Among all these types of solar cells the third- and fourth-generation solar
cells has great potential to overcome ShockleyQueisser limit; hence the development
of new generation solar cells based on high surface area nanostructures has become
research focal point of all scientists. To get high surface area and efficient charge
transportation in the same nanostructure, the 1-D nanostructures, like nanoribbons,
nanorods, nanoneedles, nanowires, nanotubes, hierarchical 1-D nanoarchitectures
and so on, are the best option. As shown in Fig. 4a, the large surface area of 1-D
nanorods (shown in green color) provides maximum surface sites for loading of light
absorbers/sensitizers (shown in red-colored particles), like dye molecules, quantum
dots and so on. So one can modulate the loading of absorbers in wide range.

Also the 1-D nanostructures especially vertically aligned nanorods with proper
geometrical configuration facilitate the collection of free charge carriers in the exciton
separation step; also their physical dimensions are similar to the carrier diffusion
length, as shown in Fig. 4b. This figure gives impression of minimization of charge
recombination losses in 1-D structures owing to less grain boundaries. The particles

Fig. 4 Benefits of 1-D structures in PSC A 1-D nanorod (Green) sensitized with visible light
absorbers (Red), B comparison of charge transport through nanoparticles and 1-D nanostructures,
C diffused internal scattering of light radiation through inter-rod spacing
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like structures suffer from large charge carrier recombination losses as the charge
carrier has to cross many grain boundaries. When light falls on 1-D nanostructured
arrays, it undergoes diffuse scattering as shown inFig. 4c,which reduces the reflection
losses and boosts the light harvesting.

Tomanifest all these beneficial properties of 1-D nanostructures in PSC, scientists
have developed various 1-D nanostructures and have successfully applied in various
types of solar cells. Corresponding literature survey is given in Table 1.

The 1-D nanostructures, like nanoribbons, nanorods, nanobelts, and so on, of
ZnO, TiO2, CdO, CdSe, and so on have proven to be beneficial for solar cells because
they easily provide large surface to volume ratios, facile surface functionalization,
high aspect ratios, and superior stabilities owing to perfect crystallinities (Kamble
et al. 2014). Considering all the benefits mentioned above, we have synthesized
1-D nanostructures of various materials, like ZnO, TiO2, CdSe, CdO, CdO–ZnO
composite and so on, by cost-effective and green chemical route. The synthesis
of nanostructures is often carried out with environmentally hazardous and toxic
chemicals, like olylamine, dodecanthiol, octadecene, hydrazene hydrate and so on.
Here we have synthesized 1-D nanostructures of various materials by simple, non-
vacuum, low temperature and scalable green chemical route.

The ZnO nanorods are synthesized by hydrothermal technique at 90 °C. We have
studied the effect of hydroxide anion generating agents like hexamine and ammonia.
Earlier it was believed that hexamine plays a key role in 1-D growth of ZnO, but
through our work we have shown that with the use of ammonia also one can grow 1-
D ZnO nanostructures with high aspect ratio and shorter reaction time as compared
to hexamine (Kamble et al. 2014). Figure 5a depicts the uniform growth of high
aspect ratio ZnO nanorods array with rod diameter in range 20–60 nm and length in
few micrometers. The cross-sectional image in Fig. 5b and very high intensity XRD
peak of (002) plane (Fig. 5c) gives an idea of large aspect ratio of synthesized ZnO
nanorod arrays.

Synthesized ZnO nanorod arrays are successfully applied in photo-
electrochemical solar cells. We also have fabricated 1-D core/shell nanostructures
of ZnO–CdS for fabrication of semiconductor sensitized solar cell (SSSC) (Kamble
et al. 2015a, b). The ZnO–CdS core/shell structure based on 1-D ZnO facilitates
the maximum light harvesting and reduced recombination losses; all the details of
synthesis and solar cell performance are given in our research articles (Kamble et al.
2015a, b).

Considering the remarkable physico-chemical properties of 1-D TiO2, such as
high optical transmittance in the visible–IR spectral range, high chemical stability,
mechanical resistance, efficient electron transporter and self-cleaning property, 1-
D TiO2 is widely used in various applications like perovskite solar cells, DSSC,
QDSSC, photocatalysis, sensors, self-cleaning materials, Li-ion battery and so on
(Bian et al. 2014; Giannuzzi et al. 2014; Liu et al. 2008; Mali et al. 2017).

Various techniques found to be used for the synthesis of 1-D TiO2, like elec-
trochemical anodization, AAO template-assisted deposition, CVD, sol–gel and so
on. Among all these techniques, the precise control over size and shape can be
achieved through hydrothermal technique. Not only the TiO2 nanorods but also the
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Table 1 Literature survey on solar cell electrodes of different 1-D nanostructures of various
materials and their performance

Types of
solar cells

Different 1-D
nanostructures

1-D nanostructured materials Solar
power
conversion
efficiency
(%)

Ref. no.

Thin film
solar cell

Nanorods Cu2In2ZnS5 6.1 Liu et al. (2013)

GO-ZnO ∼2.5 Ameen et al. (2012)

Indium tin oxide
(ITO) nanorods and CuInS2 (CIS)

1.01 Cho et al. (2012)

Hierarchical
structures
(nanorods with
microspheres)

Cu2Zn1.5Sn1.2S4.4
(FTO/TiO2/CdS/CZTS/Au)

1.45 Varadharajaperumal
et al. (2017)

Nanotubes DWNTs-on-Si >1 Wei et al. (2007)

Core/shell
nanowires

ZnO/TiO2 2.3 Parize et al. (2017)

DSSC Nanowires N719 dye with 0.7% Au@TiO2 10.2 Choi et al. (2012)

N719 dye with 0.7% Au@SiO2 9.8 Choi et al. (2012)

Nanorods TiO2-MWCNT composite 2.4 Sadhu and Poddar
(2014)

Nanotubes TiO2 3.33 Wang et al. (2013)

Hierarchical
structure of
1-D materials

5 mol% CO2 + ion-doped ZnO 4.36 Krishnapriya (2017)

QDSSC Aligned
carbon
nanotube

VACNT/CdS 1.1 Li et al. (2013)

Nanotubes CNT@rGO@MoCuSe 8.28 Gopi et al. (2018)

Nanowires Combine CdSe ZnO 0.4 Leschkies et al.
(2007)

Hierarchical CuS 4.32 Wang et al. (2014a,
b, c)

Core/shell CdS/Cu2S >6 Ghosh et al. (2018)

Perovskite
solar cell

Nanowire CH3NH3PbI3 14.71 Im et al. (2015)

Nanotubes TiO2@MAPbI3_xClx 13.07 Zhu et al. (2019)

Core/shell ZnO@ZnTe@CdT@CH3NH3PbI3 0.43 Jang et al. (2016)

Hierarchical TiO2@MAPbI3_xClx 17.55 Zhu et al. (2019)

Polymer Nanorods Ag and Au 8.67 Lu et al. (2013)

Nanowires Ag 2.5 Yang et al. (2011)

Nanotubes CNTs ∼0.2 Borchert et al.
(2012)

Hierarchical PTB7 or hieno[3,4-b]thiophene
and benzodithiophene

7.4 Chen et al. (2011)
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Fig. 5 ZnO nanorod’s a top surface SEM image, b cross-section SEM image, c XRD pattern

1-D nanotubes, 1-D hierarchical nanostructures and so on can also be prepared with
hydrothermal technique with precise size control (Mai et al. 2013).

Here, we have used simple Teflon-lined autoclave as shown in Fig. 6a for the syn-
thesis of TiO2 nanorod array. The two-hour reaction conducted at 120 °C resulted in
the formation of uniform nanorod array as shown in Fig. 6b, c. Further, the conversion
fromTiO2 nanorod to nanotube can be carried out by simple hydrothermal treatment,
that is, through hydrothermally chemical etching procedure this transformation raises
the surface area of materials by many folds (Mali et al. 2017).

Various metal hydroxides, like Cd(OH)2, Cu(OH)2, Mg(OH)2, Ni(OH)2, are used
as potential templates or precursors for the synthesis of corresponding metal oxides,
sulfides and selenides (Lu et al. 2013, 2014).Among these differentmetal hydroxides,
Cd(OH)2 is efficient and versatile precursor for the subsequent growth of efficient
visible light absorbers such asCdS,CdTe andCdSe through reactionwith appropriate
compounds. Here, we have synthesized ultra-long nanowires of Cd(OH)2 on glass
substrate at room temperature by template-free, one-step, seedless chemical bath
deposition technique (Kamble et al. 2011a, b). In such a simple method, controlled
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Fig. 6 a Schematic of hydrothermal unit used for TiO2 nanorod growth, and SEM images of bTiO2
nanorods surface, c cross-section of TiO2 nanorods, d CdO nanowires, e CdO–ZnO composite-
beaded nanowires and f CdSe nanorods

chemical growth of material takes place when ionic products exceed the solubility
products. These Cd(OH)2 nanowires can be easily converted to CdO through heat
treatment in air. Figure 6d shows the SEM image of CdO nanowires with diameter in
the range of 40–50 nm and of ultra-high length. The synthesis procedure, structural
properties, surface adsorptivity and other properties are discussed in detail in our
earlier report (Kamble et al. 2011a, b). These smooth and ultra-long nanowires are
transferred into 1-D beaded nanowire structure on making composite with ZnO, as
shown in Fig. 6e. These wires can also act as efficient template for the synthesis of
photoactive materials. Also, we have carried out direct growth of photoactive CdSe
nanosticks by one-step electrochemical growth, as shown in Fig. 6f. CdSe is one
of the efficient visible light-absorbing photoactive material. We have successfully
synthesized high surface area nanostructures of CdSe (Kamble et al. 2017).

4 One-Dimensional Nanostructures for Energy Storage

Variousmaterials and their different nanostructures are used in the fabrication of elec-
trodes for energy storage devices, which has high-end properties like energy density,
power density and cycling performance. Among the various nanostructures used for
ESS electrodes, the 1-D nanostructures having shorter bi-continuous ion and electron
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transport pathways validate the advantage of high-rate performance. Moreover, their
larger surface area makes redox active material easily accessible to electrolyte, and
their smaller size boosts the capacity of obliging the volume changes, accompanying
with electrochemical reactions as it facilitates the stress relaxation. Hence the 1-D
nanostructures effectively upsurge the power density, energy density and cycling per-
formance (Chen 2018). The schematic representation of supercapacitor and battery
is shown in Fig. 7.

The surface area of 1-D nanostructures can be further amplified by making them
hollow and porous, so various 1-D porous nanomaterials have been used in com-
mercialized supercapacitors as the capacitance is directly proportional to the total
surface area of electrode material, and the nanopores are anticipated to achieve
high specific surface area (Wei 2017). One-dimensional nanostructures of different
materials like carbon, silicon, metal oxides and conducting polymers are explored
for ESS (Jeevanandam et al. 2018). The 1-D nanomaterials can be categorized
into two major types: one is homostructure and the other is heterostructure. One-
dimensional homostructures are only one component singular structure, such as
nanowires, nanorods and nanotubes, and heterostructures usually consist of more
than one component (Chen et al. 2007). Here we are discussing the different 1-
D structures which have been successfully implemented as electrode materials for
supercapacitors and batteries with the latest literature survey on the same, as given
in Tables 2 and 3.

Fig. 7 Basic structures of a supercapacitor and b Li battery
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Table 2 Survey on battery electrodes of different 1-D nanostructures of various materials and their
performance

S.
no.

1-D nanostructures Electrode materials Reversible
capacity
(mAh−1

g−1)

Synthesis
method

Ref. no.

1 Nanorod/nanopillar Si-NRs 1038 MR Chen et al.
(2018)

SnO2 580 HT Liu et al.
(2009)

TiO2 31.44 HT Zhang et al.
(2015)

Al-doped
LiMn2O4/LiMn2O4

NA HT Yang et al.
(2009)

2 Nanowire (NW) Si-NSi-NWs 3124 VLS Chan (2008)

Hybrid nanostructural
VO2

1000 HT Mai et al.
(2013)

Porous Si-NWs 2000 DE Ge et al.
(2012)

Li2MnO3 1279 HT Wang et al.
(2014)

3 Nanotube (NT) MWCNTs 950 CVD Wang et al.
(2006)

SWCNTs 700 CVD Shimoda
et al. (2002)

Si-NTs 2700 HT@CVD Song et al.
(2010)

TiO2 182 EA Liu et al.
(2008)

4 Core/shell α-Fe2O3@ Li4Ti5O12 249.3 HT Chen et al.
(2014)

Ti@Si 1125 HT Meng and
Deng (2015)

5 Hierarchically Ni/NiO/MnOx/Carbon 1360 ES Bhaway
et al. (2016)

NH4VO3 390 HT@ ES Mai et al.
(2010)

4.1 Nanowires for ESS

One-dimensional nanowires have been studied as energy storage electrode materi-
als due to large surface area to store charges and an efficient pathway to transport
charges. Silicon-NWs (Si-NWs) on stainless steel substrate exhibited a very high ini-
tial discharge capacity (3124 mAh g−1) and reasonable coulombic efficiency (73%)
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Table 3 Literature survey on supercapacitor electrodes of different 1-D nanostructures of various
materials and their performance

S.
no.

1-D nanostructure Electrode materials Specific
capacitance
F g−1

Synthesis
method

Ref. no.

1 Nanorods/nanopillars CNTs NA HT Duong et al.
(2014)

Fe2O3 64.5 HT Lu et al. (2014)

MnO2 302 ED Yuan et al.
(2012)

PAN 3407 ED Peng et al.
(2011)

2 Nanowires Co3O4 754 HT Xia et al.
(2012)

PANI 950 EP Wang et al.
(2014)

NiCo2O4 1118.6 – Zhang et al.
(2012)

Si-NWs 13 HWCVP Soam (2017)

3 Nanotubes CNTs 80 CVD Futaba et al.
(2006)

MnO2 320 ED Xia (2010)

PEDOT 132 EP Liu et al.
(2008)

TiO2 49.9 EA Endut et al.
(2013)

4 Core/shell PANI/CNTs 310 – de Riccardis
et al. (2012)

CuO@AuPd@MnO2 1400 ED Yu and
Thomas (2014)

MnO2/PEDOT 240 ED Liu and Sang
(2008)

Fe3O4@Fe2O3 1206 ED Tang et al.
(2015)

5 Hierarchical NiCo2O4@MnO2 1471.4 HT Yu et al. (2012)

M(OH)2/MnO2 298 HT Duay et al.
(2013)

NHCNs 210.1 HT@C Zhang et al.
(2014)

NiCo2O4 2876 HT Yedluri and
Kim (2019)

* ES Electrospinning, DE Direct etching, MR Magnesiothermic reduction, HT Hydrothermal, VLS
Vapor–liquid–solid, ED Electrodeposition. EP Electrochemical polymerization, HWCVP Hotwire
chemical vapor process, CVD Chemical vapor deposition, EA Electrochemical anodization, C
carbonization
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while the constant discharge capacity of over 3000 mAh g−1 was retained from the
second to the tenth cycle (Chan 2008). Porous-doped Si-NWs produced by direct
etching of boron-doped silicon wafers show large pore size and high porosity that
can retain its structure after lithium ion intercalation while having low stress, and
which gives high capacity and long cycle retention. The capacity remained stable
above 1100, 1600 and 2000 mAh/g at current rates of 18, 4 and 2 A/g, respectively,
even after 250 cycles (Ge et al. 2012). Nanoscroll buffered hybrid nanostructural
(HNS) VO2 composed of nanobelts and nanowires exhibited long-life performance
with capacity retention over 82% after 1,000 cycles at ~9 C (1,000mA g−1), and high
rate up to ∼20 C (2,000 mAh g−1) (Mai et al. 2013). Similarly, Li2MnO3 nanowire
anode material for Li batteries had the reversible capacity that can reach 1279 mAh
g−1 at a current density of 0.5 mAh g−1 after 500 cycles, more than pure MnO2

nanowires (Wang et al. 2014).
In case of supercapacitors, it was reported that single-crystalline Co3O4 nanowire

array on a nickel and single-crystalline NiCo2O4 nanoneedle arrays on conductive
substrates (such as Ni foam and Ti) had a high specific capacitance of 599 F/g and
1118.6 F g−1 respectively (Xia et al. 2012; Zhang et al. 2012). Vertically aligned
PANI nanowire arrays have great potential applications in electrode materials of
supercapacitor. The specific capacitance can keep high value 950 F g−1 even at the
large current density 40 A g−1. By using different electrolytes like LiTFSI, HClO4

aqueous solution, and nonsolvent electrolyte EMITFSI ionic liquids, the capacitive
behavior of PANI nanowire arrays were also investigated. They show a quite stable
capacitance in ionic liquids during the cyclic life test, which may guide to the finding
of a suitable electrolyte for their future applications (Wang et al. 2014).

4.2 Nanorods for ESS

The nanorods are similar to nanowires except the fact that the height is restricted
in case of nanorods. Therefore, nanorods/nanopillars surface area ratio is limited
compared to nanowires/nanofibers; but the neighboring structure of the individ-
ual nanorod/nanopillar significantly lowers chances of collapse making them more
accessible to the electrolyte, which increases the ionic conductivity.

Mesoporous silicon nanorods and SnO2 nanorod arrays were prepared using
MWCNTs template and flexible metallic substrates (Fe–Co–Ni alloy and Ni foil)
respectively. The silicon nanorods showed a reversible capacity as high as 1038
mAh g−1 after 170 cycles while SnO2 nanorod had 580 mAh g−1 after 100 cycles
(Liu et al. 2009). Using electron-cyclotron-resonance CVD process, free-standing Si
nanorods are prepared on a copper substrate which shows capacity of 2911 mAh g−1

and a coulombic efficiency of 95% during the first discharge with capacity retention
of 84% after 25 cycles. Also, using electron-cyclotron-resonance plasma-enhanced
CVD method, bundles of Si nanorods were fabricated which had discharge capac-
ity of 2990 mAh g−1 with a coulombic efficiency of 92% (Chen et al. 2018). TiO2

nanorod film when used as Li-ion battery electrode had initial reversible discharge
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capacity 31.44 mAh g−1 with a current density of 30 mAh g−1 (Zhang et al. 2015).
In case of LiMn2O4 and Al-doped LiMn2O4 nanorods, synthesized by a two-step
method that combines hydrothermal synthesis of β-MnO2 nanorods and a solid state
reaction to convert them to LiMn2O4 nanorods retains 96% of capacity after 100
cycles (Yang et al. 2009).

As for supercapacitor application, Fe2O3 nanorod hydrothermally synthesized in
an aqueous solution containing sodium nitrate, ferric chloride, and hydrogen chloride
and heated at high temp in N2 and air, separately resulted in oxygen-deficient Fe2O3

nanorods and pristine Fe2O3 nanorods. Specific capacitance of oxygen-deficient
Fe2O3 (64.5 F g−1) was found to be more than pristine Fe2O3 nanorods (Lu et al.
2014). Thomas et al. has reported a facilemethod i.e. spin on nanoimprinting (SNAP)
to synthesize highly ordered carbon nanopillars (shown in Fig. 8) as supercapaci-
tor electrodes that achieved an energy density of ∼9.4 × 10−4 Wh/cm3 and power
density of 1.48 W/cm3 (Duong et al. 2014). Another material i.e. solid-state super-
capacitor based MnO2 nanorod by simple synthesis and electrodeposited method on
carbon cloth had specific capacitance 320 F g−1 while PAN nanorods prepared using

Fig. 8 a Schematic of synthesis of carbon nanostructures by SNAPmethod, b the top view and side
view (inset) SEM images of polymer nanopillars, c the top view and side view (inset) SEM images
of carbon nanopillars. Reprinted with permission from (Duong et al. 2014). Copyright (2019)Wiley
Online Library
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a template with nanoholes on indium tin oxide (ITO) coated substrate gives ultrahigh
specific capacitance value of 3407 F g−1 (Yuan et al. 2012).

4.3 Nanotubes for ESS

When nanowires are made hollow, this makes both inner and outer surface areas
available for energy conversion or storage mechanism; making surface area almost
two foldsmore effective. Thus, nanotube has beenwidely used electrodematerial due
to their large surface area to store charges and an efficient pathway to transport charges
in the tubular nanostructures. They can be of carbon like CNT or of metal oxides
like TiO2, MnO2 etc. Nanotubes can be randomly distributed or aligned properly in
arrays like honeycomb structures.

One dimensional CNTs with significant length-to-diameter ratio, in which carbon
atoms are arranged as a hexagonal lattice with each carbon atom surrounded by three
nearest neighboring atoms, to forma special covalent sp2 carbon bonding. In addition,
CNTs possess unique size-/surface-dependent properties useful for efficient energy
storage (Ganguly et al. 2014). High-purity vertically aligned multiwalled carbon
nanotubes (MWCNTs) gave a high reversible lithium storage capacity of 950 mAh/g
in lithium-ion cells (Wang et al. 2006). By opening or cutting the CNTs, the capacity
can be further increased. SWNTs are prepared by using strong acid to open the
tubes and reducing their length to obtain a reversible capacity of about 700 mAh
g−1 (Shimoda et al. 2002). TiO2 nanotubes in Li-ion batteries, exhibited an overall
capacitance of 182 mAh g−1 at a charge/discharge rate of 80 mAh g−1 (Liu et al.
2008).

By using electrochemical deposition techniques, Xia et al. synthesized free-
standing MnO2 nanotube arrays on a Pt substrate. They showed that the MnO2

nanotube array electrode had good capacitive behavior than MnO2 nanowire array
electrode. The MnO2 nanotube arrays showed a specific capacitance of 320 F g−1,
which is high as compared to the MnO2 nanowire array electrode (Xia 2010). Poly
(3, 4-ethylenedioxythiophene) (PEDOT) nanotubes electrode based supercapacitor
gave a high power density of 25 kW kg−1 at energy density (5.6 Wh kg−1) main-
tained at 80% (Liu et al. 2008). The TiO2 nanotubes prepared by anodization for
different durations induced porosity which had an impact on the capacitance value
as 18.3 μF/cm2, 19.3 μF/cm2, 27.7 μF/cm2 and 49.9 μF/cm2 for 10 s, 30 s, 600 s,
and 1800 s, respectively (Endut et al. 2013).

4.4 Core-Shell Structures for ESS

One dimensional nanostructured current collector core can provide a support for
active sites, forming a core-shell 1-D nano material. The fabrication of core–shell
nanostructures of the same or different materials provides stable nanostructured



Versatile 1-D Nanostructures for Green Energy Conversion … 347

anodes. It is similar to the nanorod or nanotube but coated with thin shell of another
efficient material.

Core–shell nanorod arrays of Ti@Si on Ti foil via hydrothermal method and
carbon-free core–shell α-iron oxide (α-Fe2O3) @ spinel lithium titanate (Li4Ti5O12,
LTOvia facile hydrothermal processwhenused as electrodes ofLi ion battery demon-
strated reversible capacity of 1125 mAh g−1 and 249.3 mAh g−1 respectively (Chen
et al. 2014; Meng and Deng 2015).

Yu and Thomas have reported CuO@AuPd@MnO2 core shell NWs as electrode
for supercapacitor. It can drop the surface energy of the active material, reduce the
aggregation possibility and relive the electrode electrolyte side reaction. It gives good
results and show specific capacitance ~1400 F/g @ 5 mV/s (Yu and Thomas 2014).
PANI/CNTs combine the large pseudocapacitance of the conducting polymers with
the fast charging/discharging double-layer capacitance with CNTs and give specific
capacitance ~260 F/g @ 50 mV/s (de Riccardis et al. 2012). In another process,
MnO2/PEDOT coaxial nanowires synthesized by a one-step co-electrodeposition
method in a porous alumina template showed specific capacitance values of MnO2

films of 190–240 F/g (Liu and Sang 2008). Also, hierarchical heterostructure com-
prising Fe3O4@Fe2O3 core/shell nanorod arrays (NRAs) exhibited a high capacitive
performance, compared to the bare Fe2O3 and Fe3O4 NRAs electrodes and delivered
specific capacitance 1206 F/cm3 with a mass loading of 1.25 mg/cm2 (Tang et al.
2015).

4.5 Hierarchical Nanostructures for ESS

In this type of structures, pseudocapacitive and electric double-layered capacitor
(EDLC) materials are combined, leading to an enhancement in charge storage, as
both charge storage mechanisms (EDLC and pseudo-capacitive) reinforced in the
same structure. The combinations can be carried out for different materials and
different 1-D nanostructures (like 1-D branched heterostructures) by easy methods.

Electronically conductive and interconnected porousmetal oxide fiber composites
(Ni/NiO/MnOx/carbon nanofiber) offer several advantages over isolated nanowire
and nanotube-based Li-ion battery electrode. It has the highest discharge capacity
of 1360 mAh g−1 after 200 cycles on the basis of active material for the meso-
porous Ni66–Mn33/C fiber anode and also exhibits good cycling stability and low
impedance (238�) (Bhaway et al. 2016). In another process, using low-costNH4VO3

as the startingmaterials, a cost-savingmethodwas developed to synthesize ultra-long
hierarchical vanadium oxide nanowires constructed from attached vanadium oxide
nanorods for lithium-ion batteries cathode electrode. The NH4VO3 nanorods growth
on the surface of electrospun NH4VO3/PVA composite nanowires exhibited a high
performance for lithium-ion batteries, which delivered high discharge capacity of
390 mAh/g and improved cycling stability (Mai et al. 2010).

Lee Yu and co-workers constructed hierarchical NiCo2O4@MnO2 core/shell het-
erostructured NW array for supercapacitor electrode on nickel foam and delivered
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high specific capacitance of 1.66Fcm−2 even at 20mAcm−2 (Yuet al. 2012).Another
experiment reported hierarchical M(OH)2/MnO2 nanofibrils/nanowire array, where
a layer of MnO2 nanofibrils was fabricated on the surface of the individual MnO2

nanowire. Using aqueous electrolyte, material shows high specific capacitance of
174 F/g at 250 mV/s and 298 F/g at 50 mV/s and maintained 85.2% of its capaci-
tance after 1000 cycles (Duay et al. 2013). Hierarchical mesoporous spinel NiCo2O4

nanowires made via facile hydrothermal method delivered a high specific capaci-
tance of 2876 F g−1 at a current density of 1 A g−1 and retained 84.7% after 500
cycles (Yedluri and Kim 2019). In another case, a new class of hierarchical 1-D
nano-doped porous carbon nanowhiskers on CNFs was prepared through the poly-
merization of aniline on the CNFs and then annealing the nanocomposite in the N2

atmosphere at high temperature. When used as supercapacitor electrode, NHCNs
and KOH-activated NHCNs carbonized at 750 °C show the optimal specific capac-
itances of 210.1 and 254.3 F g−1, respectively. This result shows that NHCNs are a
very promising electrode.

Yu and Thomas have reported CuO@AuPd@MnO2 core/shell NWs-based hier-
archical electrode (shown in Fig. 9) for supercapacitor with improved performance.

Fig. 9 a Schematic illustration of the CuO@AuPd@MnO2 NWs fabrication process, b, c SEM
images of CuO@AuPd@MnO2NWs hierarchical structures. Reprintedwith permission from (Yang
et al. 2009). Copyright (2019) Wiley Online Library
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5 Conclusion

The book takes you through the details about the recent development of various 1-D
nanostructures that have potential use in PSC and ESS. One-dimensional nanostruc-
tures can be architectured into hierarchical and hybrid nanostructures with different
additional materials to improve the light absorbance and charge storage capacity.
The latest progress in synthesis techniques and versatile nature of 1-D nanomaterials
potentially gave us new opportunities for current and future research for material
scientists. The future progress has also opened the doors for understanding how
composition, morphology and size along with the chemical conditions affect the
efficiency of such nanostructures. From the literature survey on efficiencies of dif-
ferent 1-D nanomaterials, we come to the conclusion that still much work has to be
done to enhance the efficiency and to develop optimized energy storage devices. The
final goal is to achieve faster charging, higher energy storage capacity and higher
cyclic stability of such materials. The other challenges include the production cost,
synthesis scale, environmental issues and safety problems associated with it. Also,
we requiremore knowledge to understand about the physical and chemical properties
of 1-D nanostructures to exploit their properties for magnetic, optical and electric-
based applications. In addition to this, the development of 1-D-based nanomaterials
will help us to improve our older technologies paving way for further research that
will benefit industries as well as society.
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Nanoporous Polymeric Membranes
for Hydrogen Separation

Rajesh Kumar, Kamakshi, Manoj Kumar and Kamlendra Awasthi

Abstract In today’s world, it becomes a necessity to develop an eco-friendly and
renewable energy source to overcome the pollution and energy requirement prob-
lem.Among all renewable energy sources, hydrogen has been found amore attractive
energy carrier due to its high efficiency and cost-effective sustainable energy source.
For practical use of H2 as an energy source, it should be separated from a mixture
of gases by using hydrogen-selective membranes. In the present chapter, we have
reviewed the membrane-based gas separation process. Furthermore, we have sum-
marized the H2 gas separation data based on the different membranes and approaches
to prepare hydrogen-selective membranes.

1 Introduction

From the last few decades, themembranes-based technology have noteworthy advan-
tage form wastewater treatment for water purification to the high efficiency of the
solar cell. In considering the future energy requirement membrane equipment and
technology can be a good option because of its eco-friendly nature, low cost, eco-
nomical processing capabilities, andmodification acceptability. To satisfy the energy
requirement of the world, fossil fuels are not only insufficient but also very harmful
and dangerous for life. In current global energy consumption, it is predicted that it
will be double by 2050 (Ockwig and Nenoff 2009). The byproducts of fossil fuels
affect the human’s life as well as the degrading environment. So, overall air pollution
and energy requirement are the two main issues in the present scenario. The current
fossil fuel consumption rate directs for clean, eco-friendly, and sustainable fuel.

The availability of renewable energy sources is unlimited and the main advantage
is no harmful byproduct (Thomas et al. 2000). Hydrogen is one of the respectable
fuel for the coming time and hydrogen fuel cell will provide the unit, which converts
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hydrogen into another form of energy (Chen et al. 2011; Dicks 1996; Beltrán Cilleru-
elo 2016). Compared to other conventional vehicles, hydrogen fuel cell vehicles are
more profitable also as there is no toxic gas explosion (Isfahani and Sedaghat 2016).
The essential stuff for a fuel cell is pure hydrogen for better efficiency and lifetime.
Many methodologies have been followed by the researcher for the improvement of
selectivity of hydrogen over other gases and impurities (Yilanci et al. 2009). But
separation/purification by selective transport with the help of polymeric membranes
is one of the fastest growing branches (Castel and Favre 2018). In the reference of
the original polymeric membrane, composite membranes are always beneficial in the
goal of selectivity and permeability alteration. Because in the composite membranes,
many parameters can be tuned like concentration, size, shape, distribution of filler
material, etc.

2 Why Hydrogen as a Future Fuel

To overcome the problems of air pollution by the fossil fuel and energy require-
ment, our energy dependence on renewable energy sources should be high. However,
besides hydrogen energy, the main issue with these energy sources is the energy den-
sity and area dependency. In the case of solar energy, per area density of energy is low
which is also not possible in the cold states. Similarly, ocean energy is possible only
in areas near the ocean but not applicable in the dry states, etc. But the acceptance
in the form of hydrogen energy is high because of the hydrogen (H2) obtainability.
H2 has been widely deliberated as an attractive energy carrier with high efficiency
in developing an environmental friendly and cost-effective, sustainable energy sys-
tem. H2 has been recognized as an effective and clean energy carrier to alleviate the
mounting global energy and environmental crisis and directing toward developing
capable H2 separation technologies.

The unit which is used to convert hydrogen in the other form of energy is called
the hydrogen fuel cell. But the primary requirement of the fuel cell is the purified H2

from the impurities or separated H2 from other gases. Otherwise, the lifetime and the
efficiency of the fuel cell decreases drastically. So, the purity ofH2 is a principal factor
to decide the effectiveness of a fuel cell system. The most important advantage with
the hydrogen fuel cell has water as a byproduct obtained after the energy generation.
Produced water can be used in other useful applications. That’s the way the main
benefit of using H2 as an energy carrier is a “green fuel source” which does not harm
the ecological system. H2 energy is not only a clean energy source but it also has the
offshoot in the form of water. So the separation/purification of H2 is the solution for
a new renewable energy source and it is also useful for controlling the air pollution.
So to use H2 as an energy source and preserve the environment from global warming,
it is necessary to separate or purify H2 gas from the other gases and impurities.
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3 Why Membrane-Based Hydrogen Separation

In order to resolve these problems of the separation, it might be helpful to combine
the separation process with membrane technology (Castel and Favre 2018). There
are many types of methods, which are used to separate/purify hydrogen gas. Some
of them are membrane technology, pressure swing adsorption, chemical absorp-
tion, catalytic purification, metal hydride separation, and cryogenic separation, etc.
Membrane-based technology for H2 separation/purification has attracted extensive
response due to characteristic benefits over other separation approaches (Pandey
and Chauhan 2001; Sridhar et al. 2014). The membrane-based separation process
is not only cost-effective but also environmentally friendly as well (Yampolskii
2012; Sanders et al. 2013). Except for membrane technology, all other mentioned
methods are not popular and also not cost-effective. Some of the advantages of the
membrane-based gas separation are mentioned below:

• Mechanical strength and durability
• Controlled pore shape and size
• Chemical stability
• Thermal stability
• Manufacturing reproducibility
• Space saving
• Low weight
• Flexibility
• Low energy consumption
• Easy to manufacture
• Easy to clean
• High potential of adaptability
• Low capital cost over other conventional separation methods.

Despite several advantages of the membrane-based gas separation, this process
suffers from a problem in the form of trade-off connection between selectivity and
permeability. So the control over selectivity and permeability of the gases is the main
goal for the membrane-based gas separation.

4 Gas Separation Mechanism

In the membrane-based separation process, gas molecules are separated by the dif-
ference in permeation rate of gas molecules. Adolph Fick gives the fundamental
law’s called “Fick’s law,” and it explains the basic mechanism of the gas diffusion or
permeation through the membrane (Denny Kamaruddin and Koros 1997). The gas
separation/permeation with the membrane is measured by the two key parameters
(1) diffusion coefficient (D) and (2) solubility coefficient (S) (Javaid 2005; Rahim-
pour 2017). Based on the membrane structure (pores and non-pores)/morphology
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Fig. 1 Schematic representation of the gas permeation models

gas permeation can be explained using three models. Schematic representation of
these models is shown in Fig. 1.

As according to Eq. 1, Knudsen number (Kn), which is the fraction of the gas
molecule mean free path to the pore size of the membrane, is normally used to
distinguish among the three mechanisms.

Kn = λ

dp
(1)

In the equation, dp is the diameter of the pore and λ is the mean free path of the
gas molecules. Mean free path of the gas depends on the pressure (p), temperature
(T ), and the effective diameter of the gas molecule (dg) as according to the given
equation

λ = KBT√
2pπd2

g

(2)

where KB is the Boltzmann constant.
Based on the porosity of themembrane there are three basic permeation processes:

Knudsen diffusion, molecular sieving, and solution diffusion.

4.1 Solution Diffusion

The gas permeation in the case of the dense membrane can be explained by the
solution-diffusion model. The solution-diffusion model has been described widely
in many articles (Wijmans and Baker 1995; Zito et al. 2017) and books as well
(Wijmans and Baker 2006; Ismail et al. 2011). In this model, gas permeation is
a cross product of the solubility coefficient (S) and diffusion coefficient (D). The
overall equation can be shown as;

P = D × S (3)
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Both the coefficientD and S depends on themembranematerial and the type of gas
chosen for permeation. Every material has a different value of diffusion coefficient
and solubility coefficient according to the gas type. Also, both the coefficients change
with temperature, as the temperature changes the polymer structure and mobility of
gas molecules. As mentioned above temperature depends on P, D, and S which can
be represented by the Arrhenius type equation.

P = P0 exp

(−Ep

RT

)
(4)

S = S0 exp

(−�Hs

RT

)
(5)

D = D0 exp

(−Ed

RT

)
(6)

where P0, S0, andD0 are represented as pre-exponential values for the corresponding
equation.R is used for universal gas constant and T for the temperature.Ed ,�Hs, and
Ep are the activation energy for diffusion, heat of solution/sorption, and activation
energy for permeation, respectively.

4.2 Molecular Sieving

In terms of gas separation, molecular sieve membranes have been recognized as
a very promising applicant for gas separation (Ma et al. 2013; Liu et al. 2019).
These molecular sieves are porous solids that contain constrictions of apertures that
approach molecular dimensions of diffusing gas molecules. A typical schematic
diagram of molecular sieving mechanism for gas–polymer interaction phenomena is
shown in Fig. 2.

When pore diameter or opening of the membrane is relatively smaller than the
gas molecule, then repulsive force dominates (Zhang et al. 2014). In this case, higher
activation energy is required for the permeation. In the same situation, when a gas
molecule has suggestively small diameter compared to opening or pore diameter,
then it requires a small amount of energy for the permeation. Molecular sieving

Fig. 2 Typical molecular
sieving mechanism for
gas–polymer interaction
phenomena
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Table 1 Gases with their molecular weight, kinetic diameter specific gravity and volume

Gas State Molecular
weight

Kinetic
diameter (Å)

Specific
gravity at 70°F
(1 atm)

Specific
volume (cf/lb)

H2 Compressed
Gas

2.02 2.89 0.0696 192

N2 Compressed
Gas

28.01 3.64 0.967 13.8

He Compressed
Gas

4.003 2.6 0.138 96.7

O2 Compressed
Gas

32.0 3.46 1.105 12.1

CO2 Liquefied Gas 44.01 3.3 1.52 8.74

C3H6 Liquefied Gas 42.08 4.4 1.501 9.05

C3H8 Liquefied Gas 44.1 3.96 1.55 8.5

CH4 Compressed
Gas

16.04 3.8 0.555 23.7

CO Compressed
Gas

28.01 3.76 0.97 13.8

Ar Compressed
Gas

39.95 3.4 1.38 9.7

dominates the mechanism for the above-mentioned conditions (Jones and Koros
1994). Overall, pore diameter and gas molecule size is a key element to control the
separation performance of such type of membranes. The molecular diameter of the
gases and other important properties are listed in Table 1 (Kuwahara et al. 2009).

4.3 Knudsen Diffusion

When the mean free path of the gas molecules is in the order of the pore diameter
than the dominating mechanism for the gas permeation is Knudsen diffusion (Liu
and Wei 2014). Because the walls of the pore are involved in the mechanism, the
walls of the membrane also affect the gas permeability. The general equation for the
Knudsen diffusion for the gas is given by Eq. 7.

JiK = −DiK
∂ci
∂x

(7)

where DiK is representation for the Knudsen diffusivity. DiK can be calculated by
Eq. 8. In this mechanism, the molecules collision with pore walls is more repeated
than the collision among molecules. Also, the selectivity of gases is inversely
proportional to the square root of the molecular weights.
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DiK = dp

3

√
8RT

πMi
(8)

where, Mi showing the molecular weights for gas species and dp is the average
pore size of the porous membrane. Generally, Knudsen diffusion is useful during
low pressure, because due to the bigger pore diameter the permeation rate in such
membrane is high at low pressure. Thismechanism is ruled in the zeolitesmembranes
(Zito et al. 2018), CNT-polymer composite membranes (Damle et al. 1994), swift
heavy ion irradiated membranes, fiber membranes and the membranes have porous
structure across the thickness, etc.

5 Types of Membranes

Commercially, various types of membranes are used for application on hydrogen
separation like metal membranes, track-etched membranes, polymer membranes,
ceramic membranes, etc. (Jose et al. 2018; Ng et al. 2013).

Because the material of a membrane is the most essential fragment for the better
selectivity and permeability of the gas, the selection of the membrane material is
very important for the required application.

Based on the properties and approach, the membrane can be classified into many
categories. De Falco et al. (2011) has reported the generalized classification of the
membrane as shown in Fig. 3.

In the field of gas separation, most of the samples are in the form of mixed
matrix membranes (MMMs) (Bakhtiari and Sadeghi 2015; Shimekit et al. 2011), as
shown in Fig. 4. In MMMs materials, two phases are present; one is the polymer
matrix which acts as a bulk phase and another one is the filler material like zeolite,
carbon nanotubes, a different form ofmetal (nanoparticles, nanorod, nanoflakes, etc.)
(Carreon et al. 2016). MMMs is one of the advantageous forms of the samples to
overcome this problem, relatively to a pristine polymer or pure filler material. At the

Fig. 3 Generalized classification of the membranes
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Fig. 4 Schematic representation of Mixed Matrix Membrane (MMMs)

same time, the cost of the MMMs is low compared to the pure material; at the same
time, MMMs have high flexibility.

For the hydrogen gas separation, the following membranes are being used by
various researchers.

5.1 Composite Membranes

The amazing properties of nanomaterials result in a new class of composite material,
which helps to improve the separation properties (Dolan 2010; Dolan et al. 2006). In
the composite membranes, it covers metallic alloys (Dolan 2010; Dolan et al. 2006),
organic polymers, and inorganic oxides (Lin et al. 2019; Li et al. 2018). Here we will
critically compare the diverse composite membrane materials, which are used for H2

separation/purification in the composite form. The simplest way for the classification
of the composite membrane is to categorize them based on the filler material. It can
be as follows; pure metals, alloys, oxides, ceramics, zeolites, glasses and carbon
products (CNT, graphene, graphene oxide, graphite) (Bespalko et al. 2018;David and
Kopac 2011; Malzbender 2016; Thakkar et al. 2018), etc. carbon-based composite
membranes have broad area and different approach. So carbon-based membranes
will be explained in the next section.

During the selection of composite membranes, some of the targeted key points
are like H2 selectivity, and the permeability should be high. Composite materials’
cost should be low. From the commercial point of view, the durability of the sample
should be good. The last production/fabrication process cost is not to be expansive.
In a broad sense, a composite membrane affects only H2 molecules for the selectivity.
That means only H2 molecules or other gas molecules (impurities) interact with the
composite membrane.

Typically metallic composite membranes are dense membranes, in which a spe-
cific metal is used as a filler material. The selectivity of such membranes is high, but
the permeability is low. Metal can be used in different forms of structures such as;
nanoparticles, nanorods, nanotubes, nanoframes, ribbons, etc. the most suitable and
reliablemetal for H2 is Palladium (Pd). Because Pd has high diffusivities or solubility
for the hydrogen, and has excellent thermal stability (Gao et al. 2004; Paglieri and
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Way 2002). Platinum (Pt) is one more metal which is used as a spare filler material
for palladium (Patel and Acharya 2018). Both Pt and Pd also used with Ni, Ag, Au,
and Cu as alloy metals in composite membranes. The performance, fundamental
concept, and mechanism for the metallic membranes for gas separation have been
explained by many researchers (Moss et al. 1998; Ward and Dao 1999).

Due to some of the limitations with the metallic membranes, silica composite
membranes are an alternative approach for H2 separation application. Compared to
metallic membranes; silica membranes are easy to fabricate, have controllable filler
porosity, and low cost of production. Silica has pores network matrix in which the
approximate diameter of the pore is 0.5 nm. Such small pores can control permeation
of the small gas molecules such as H2, CO2, He, CO, O2, and N2. Such type of com-
posite membranes is not 100% selective for an individual component (Ghasemzadeh
et al. 2017; Nwogu et al. 2016). The separation of gas mixtures is centered on a com-
petitive process of different molecules moving in the micropores network (Verweij
2003). Commonly two types of synthesis methods are used for silica-based compos-
ite membranes; chemical vapor deposition (CVD) and sol–gel method (Khatib and
Oyama 2013). In a comparison of both methods, sol–gel provides good permeability
as well as selectivity. While the problem with the sol–gel method is reproducibility
of the samples which can be achieved by CVD method by the controlled condition
of deposition.

For the last few years, zeolite membranes have achieved considerable attention in
the field of gas separation (Kosinov et al. 2016; Wee et al. 2008). Zeolite membranes
have controlled pore shape and size with the enhanced properties of mechanical,
thermal, and chemical stability. Such types of membranes have a long lifetime and
can be used multiple times. The optimized thickness of the zeolite membranes is
the key parameter for the selectivity and permeability data. Zeolites have uniform
and molecular-sized pores with crystalline inorganic nature. Most of the zeolites are
made with the TO2 unit, where T represents a tetrahedral framework atom (Si, Al,
B, Ge, etc.) (Koohsaryan and Anbia 2016).

The long lifetime, stability at high temperature, and the ability of the regenera-
tion makes these membranes a competitive candidate for H2 separation/purification
application.

5.2 Carbon-Based Membranes

In the comparison with other materials, the composite material of carbon with poly-
mer has been the center of demand due to their unique properties and technological
usage, especially for gas separation application (Haider et al. 2018; Hamm et al.
2017; Ismail and David 2001). Carbon-based polymer composites such as carbon
nanotubes (CNTs), graphite, graphene, graphene oxide (GO) have been reported
widely.
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Since the discovery of carbon nanotubes (CNTs) by Iijima (Tersoff and Ruoff
1994; Iijima and Ichihashi 1993; Iijima 1991), it has made supreme impacts on nan-
otechnology and nanoscience in the reference of electrical, thermal, and mechanical
properties of the materials (Tersoff and Ruoff 1994; Kholmanov et al. 2015). Mostly
CNTs are categorized in the single wall carbon nanotubes (SWCNTs), double wall
carbon nanotubes (DWCNTs) and multiwall carbon nanotubes (MWCNTs). The arc
discharge is one of the oldest andworthy techniques to produce the CNTs. According
to the physical and chemical properties of CNTs, these have a potential application
in the gas separation. There is a large variation in the ratio of length and diameter of
the CNTs. Many types of CNTs composites are used for gas separation applications.
Structure and orientation of CNTs are key parameters for the conductivity as well
as the permeability and selectivity of the gases. In the field of hydrogen separation,
many researchers used the aligned orientation of CNTs to improve the selectivity of
gases (Swain et al. 2017; Babu et al. 2013). It is expected that the alignment of CNTs
in polymer matrix provides more number of channels and dissolution opportunities
in comparison to randomly distributed MWCNTs. Also, the separation application
is based on the functionalization of the CNTs (Sanip et al. 2011; Ma et al. 2010).
Functionalization of the CNTs is useful for the attachment of gas-sensitive nanoma-
terials which helps to enhance the selectivity of a specific gas. Based on the diameter
of the CNT in the composite membrane permeation, the gases can be combined as
an effect of solution diffusion and molecular sieving model. These features make
CNTs highly useful in reinforcement nano filter, probes, energy storage, gas filters,
bio applications, and various electronic and thermal devices.

Graphene also has a great opportunity for membrane-based gas separation appli-
cations because of critical thickness, chemical stability, flexibility, and mechanical
strength.MolecularDynamic (MD) simulation andDensityFunctionalTheory (DFT)
calculation shows that the graphene-based membranes are one of the good choices
for the H2 separation application (Tao et al. 2014; Wei et al. 2018). H2 has a sig-
nificant difference in its kinetic diameter (2.9 Å for H2) compared with other gases
molecules (3.64 Å for N2, 3.8 Å for CH4 and 3.76 Å for CO, etc.) (Robeson 1991).
DFT calculation explained that the pore size in graphene is nearly the molecular
diameter of H2. So there are many possibilities that H2 molecule will separate from
other gas molecules. Because H2 is a candidate having nearly equal pore size and
other gas molecules will block due to bigger kinetic diameter. The approach with
graphene polymer composite membrane can enhance the H2 selectivity over other
gases multiple times. However, the drawback is that due to smaller pore size the
permeability decreases.

Functionalized graphene (graphene oxide) can be used with a polymer matrix to
reduce the lower permeability problem (Sun and Li 2018). GO can also be utilized as
a unique material for gas separation applications. Functionalization of the graphene
can enhance the H2 attachment probabilities. Separation mechanism for the GO
composite membranes follows the molecular sieving as explained in the previous
part. Nanoparticles, nanowires, and other nanostructures can interact with the GO
lay and helpful to expand the gaps (Ebrahimi et al. 2016; Wang et al. 2017; Zhang
et al. 2019). This explanation offers fast permeation of the gas molecules through the
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channels. Such an approach is useful for the high permeability with high selectivity
of H2.

5.3 Track-Etched Membranes

Now these days, track-etched membranes are a new class of the gas separa-
tion/purification applications. Track-etched polymeric membranes have received
considerable attention in gas separation applications due to tunable pore shape and
size due to chemical etching and choice of the ion (Chakarvarti 2009;GómezÁlvarez-
Arenas et al. 2009; Sudowe et al. 1999; Yamazaki et al. 1996). Swift Heavy Ion (SHI)
irradiation process is used to create the tracks, and subsequently, the tracks are con-
verted into nanopores by selective chemical etching. Basically the ions beam having
the heavy energy in the range of 100 MeV were bombarded on the membranes.

Due to heavy energy, this ion passed throughout themembrane, and local damaged
zones (latent tracks)were created along the ionpath. In detail, the passing ion interacts
with the loosely bound electrons of the polymer and transfers its energy to them. Such
electrons of the polymer gradually transfer this energy in the outward direction of
the ion path. Due to this phenomena, a cylindrical zone is created, which is called
the latent tracks.

These tracks can be converted into the pores by the chemical etching. The
schematic representation of the followed process is shown in Fig. 5.

Type of the ion and its energy affects the damaged area of the membrane matrix,
which is a responsible factor for the pore size. But the chemical etching process is
responsible for the pore shape and size (Apel et al. 2006). To control the pore size,
chemical etching time needs to be optimized, and the shape of the pore depends on

Fig. 5 Swift Heavy Ion (SHI) irradiation and track creation process
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Fig. 6 A schematic representation for track-etched nanochannels with different shapes with the
type of chemical etching

the one or both side etching. One side chemical etching generates the conical shape
of the pore. Both side chemical etching leads to the double conical/biconical shape,
and later it’s converted into the cylindrical shape as shown in Fig. 6.

The main advantage of such membranes is that we can control pore shape, size,
length, and distribution. So, based on the application, we can obtain the required
pores. The most natural example of such track-etched nanochannels is living human
skin. Human skin can selectivity permeate water and ions in the form of sweat, not
the blood cells.

Separation and selectivity of the gases also depend on the interaction of the
gas within the pore wall and the surface of the membranes. These track-etched
membranes can modify them after or before the irradiation process. These modified
membranes have more benefit than the pristine form of these membranes.

5.4 Block Copolymer-Based Composite Membrane

There are some potential advantages for block copolymers (BCPs) as filtration mem-
branes, such as varied nanoscale morphology. Block copolymer membranes offer the
opportunity to produce such type of membranes by using their self-assemble nature.
Due to their self-assembled nature, regular structures can be obtained, which lead
to high pore density on the nanoscale dimension. But the large-scale fabrication of
block copolymer membranes is quite tough and costly too. To overcome this prob-
lem, a straightforward way is casting of a block copolymer solution onto a substrate
(composite membrane). This substrate can be dense or porous; it depends on the
requirement.

For the block copolymer composite membranes, the polymer solution was cast on
the substrate and the prepared polymer film has to be removed from the substrate after
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drying. This procedure may be quite simple when the removed film is mechanically
stable that can be used as a self-supportedmembrane, but it turns very difficult for the
thin film which needs mechanical stabilization. It is tedious when a block copolymer
thin film is transferred from a dense substrate to the porous material, and on a large
scale, it can hardly perform. So, to provide more stabilization, this film is transferred
onto the porous substrate (Basyooni et al. 2017; Beard et al. 2014; Kim et al. 2001;
Phillip et al. 2010; Sirelkhatim et al. 2015; Zhang et al. 2016).

In a block copolymer, mechanism of synthesis is independent, and it is formed by
joining two or more chemically distinct polymers which are bonded by a covalent
bond. Phase behavior of the block copolymer strongly depends on the selected com-
position, block copolymer structure, degree of polymerization, and the interaction
parameter between the fragment–fragment (van Zoelen and ten Brinke 2009). In a
block copolymer, shapes of the isolated domains are produced by the volume frac-
tion of minority block (f). The regular shape and uniform spaced nanodomains occur
when minority blocks are segregated from the majority block (Segalman 2005).

An effort is done for gas permeability application by depositing the block copoly-
mer nanotemplates on the highly porous track-etched membrane so that the upper
layer can help in improving selectivity and lower have high selectivity. Kamakshi
et al. (2017) have used porous PET membranes having different pore sizes (0.1–
0.2μm)which are taken as mechanical support, and then a layer of the block copoly-
mer (PS-b-P4VP) with the additive (HABA) is casted on this porous PET support.
After solvent annealing, the additive is removed from PET coated BC membranes
to recover porosity again. It was demonstrated that the gas permeability for both
gases changes drastically and shows a remarkable change after the coating of block
copolymer nanotemplates. Thus, the upper layer of block copolymer nanotemplates
influences the permeability and reduces the gas permeability of H2 and CO2 through
the composite membrane. The schematic diagram for such a composite membrane
is presented in Fig. 7.

Bonder et al. (2000) found an application of block copolymers in the exclusion of
CO2 from mixtures with H2, and PEBA block has been identified to be responsible
for high selectivity. They also examined the permeability of H2, N2, and CO2 in
block copolymers and CO2 permeability is directly correlated with PE block com-
position. Permeability increases with increasing the amount of polyether. Selectivity
for CO2/H2 was found 9.8 whereas for CO2/N2 it was found 56. Kim et al. (2001)
have demonstrated the PE block of the block copolymer is responsible for the higher
permeability and perm-selectivity of polarizable gases. High permeability and high
selectivity achieved with PE BAX copolymer. Obtained results show the selectivity
for CO2/N2 was 61 whereas SO2/N2 was 500. Lindemann et al. (2014) prepared
conjugated microporous polymer membranes via layer by layer approach on sacrifi-
cial substrates and found with gas permeability measurements that these membranes
show high selectivity.
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Fig. 7 Schematic for
composite membrane
generation: a PET porous
membrane. b Block
copolymer additive coated
on PET. c Block copolymer
coated PET after removal of
the additive (Reprinted from
Publication Hydrogen gas
separation with controlled
selectivity via efficient and
cost-effective block
copolymer coated PET
membranes, International
Journal of Hydrogen Energy
(2017), Volume 42, Issue 31,
Pages 16186–16194,
Copyright 2017, with
permission from Elsevier)

5.5 Functionalized Porous Membranes

Functionalization is the advanced technique by which surface properties of the
required material can be altered. There are so many activating functional groups for
improving hemocompatibility of the material surface. Some of them are of hydroxy
group (–OH), carboxyl group (–COOH), amine group (–NH2), thiol group (–SH),
sulfonic acid (–SO3H), amide group (–CONH2), etc. (Sadilov et al. 2019; Jue and
Lively 2015). After treating with these functional groups, modified surface is rela-
tively more stable, which can be utilized for the physical and chemical properties of
the surface. The functionalized membrane with proper activating groups can extend
the application ranging from selective and tunable permeation and separation (Baker
and Lokhandwala 2008; Du et al. 2012).

McCool and DeSisto 2005 have made an effort by functionalizing the silica mem-
brane with an amino group by using three different synthesis procedures. And find
that procedure with a maximum loading of the amino group has the highest per-
meation of CO2. An effort has been made by Urch et al. (2006), by depositing
functionalized calcium phosphate (Ca3(PO4)2) nanoparticles on track-etched PET
membrane and found that there was no particle adsorption on the un-functionalized
surface while functionalized surface binds the nanoparticle. Palladium nanotubes
have deposited into the pores of the track-etched polycarbonate (PC) membrane by
electroless plating technique by Yu et al. (2005). It was observed that nanotubes
having high surface area due to their granular surface which shows high sensitivity
and the small detection limit for hydrogen sensing.

Shi et al. (2006) observed the binding of palladium toward the pore and surface
with the increasing time by an electroless process. The porous stainless steel is used as
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a substrate, and there are many pores of size ranging from 0.2 to 10 μm, Pd nanopar-
ticles were used for depositing on the substrate. These membranes also expended
for purification due to their higher permeability and selectivity, chemical compat-
ibility for gas separation. Such types of membranes prepared in a composite form
containingPd in a different form for example nanoparticle, alloy, etc. These nanocom-
posite membranes provide high hydrogen perm-selectivity (David and Kopac 2011;
Hatlevik et al. 2010).

PET porous membranes were modified with the carboxylic group and an amino
group.After the functionalization, thesemembranes are dipped in palladiumnanopar-
ticle solution at a different time. High binding of Pd nanoparticles is achieved in
the aminated functionalized membrane in comparison with carboxylic as well as
un-functionalized PET membranes. Figure 8 represents the schematic palladium
nanoparticles interaction with the functionalized membranes. It is an effective way
to which permeability and selectivity both can be modified. Higher selectivity was
founded in highly attached Pd nanoparticle membrane. For H2/N2 as well as H2/CO2.

Hence functionalization of the membrane’s surface, pore walls, and deposition
of nanostructures is a proficient procedure for gas separation (Weng et al. 2009; de
Lannoy et al. 2013). Such types of membranes could frequently be used for gas
separation and purification engineering applications. By introducing gas-sensitive
nanomaterials on the surface and pore walls of modified membranes, it can be made
beneficial for separation applications.

Fig. 8 Schematic diagram of a Pristine porous PET membrane. b Carboxylated porous PET mem-
brane. c Aminated porous PET membrane. d Pd binded pristine porous PET membrane. e Pd
binded in carboxylated porous PET membrane. f Pd binded in aminated pore (Reprinted from
Publication Palladium nanoparticle binding in functionalized track-etched PET membrane for
hydrogen gas separation, International Journal of Hydrogen Energy (2017), Volume 42, Issue 25,
Pages 16186–16194, Copyright 2017, with permission from Elsevier)



370 R. Kumar et al.

6 Hydrogen Separation by Using Membranes

Due to the fact that, the H2 molecule has the smallest kinetic diameter the selection of
H2 over other gases is easy. Since H2 molecule has the biggest diffusion coefficient,
permeability and selectivity of H2 can be tuned. In this section, we will go through
some of the articles in which the researcher attempted a different type of sample and
method to reach higher H2 permeability and selectivity.

Because Pd is one of the best absorbent materials for hydrogen, but also expensive
compared to other metals. So researchers are also searching for the alternative to
replace Pd by alloys. Liu et al. (2018) fabricated alloy of Nb35Mo5Ti30Ni30 as an
alternative of Pd for hydrogen purification/separation application. They presented the
theoretical calculation by DFT for the optimization of the combination of the alloy.
Experimental data indicate that Nb35Mo5Ti30Ni30 membrane shows remarkable H2

separation and can be a replacement of palladium metal.
In the same direction of the Pd membrane, Cheng et al. (2002) compared the H2

permeation from the commercial Towngas (49%H2, 28.5%CH4, 19.5%CO2 and 3%
CO) by using alumina, zeolite, Pd, and Pd–Ag alloy membranes. Their results show
that alumina and the zeolite are not suitable options for the H2 separation from the
Towngas. Whereas Pd and Pd–Ag membranes show great results for H2 separation
from Towngas to achieve high purity of H2, the purification efficiency is further
increased by the addition of silver, due to larger lattice spacing in the resulting alloy
material. Some of the previous review articles for H2 separation by Pd and Pd alloys
are described significantly (Hatlevik et al. 2010; Cheng et al. 2002).

Beside Pd and its alloys, Chen et al. (2018) used a Pt layer over the surface of
the La5.5W0.45Nb0.15Mo0.4O11.25-δ membrane for the reflection effect on H2 perme-
ation. With a combination of 50% H2—50%, He at 1000 °C achieved permeation
flux of H2 is 0.483 mL/min cm2 from both sides. This permeation rate is twice the
uncoated La5.5W0.45Nb0.15Mo0.4O11.25-δ membrane, which indicates that the Pt layer
exhibits a positive effect on the H2 selectivity. This enhancement is due to H2 dissoci-
ation/combination on the Pt layer. Fasolin et al. (2018) fabricated a vanadium-based
multilayer structure (Pd/V93Pd7/Pd) having thickness of <7μmonto porous alumina.
Results show that these membranes have high H2 selective flux up to 0.26 mol m−2

s−1 at 375 °C.
Since the discovery of CNT by Iijima in 1991, CNTs have come to the forefront

of nanostructured materials and research interest has grown exponentially. Extensive
work has been done to characterize CNTs including their exceptional mechanical,
thermal, and electrical characteristics. CNTs are also known to show extremely high
aspect ratios of their length and diameter. Many of the researchers observed some of
the respectable results in the field of H2 separation/purification. Vijay et al. and his
group are doing a wide-ranging study on the CNT-polymer nanocomposite for the
hydrogen gas separation (Kumar et al. 2011; Sharma et al. 2009, 2010; Sharma and
Vijay 2012). Their results show that the alignment and uniform distribution of the
CNTs is beneficial to enhance the H2 permeability as well as the selectivity.
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Li et al. (2017) fabricated a hybrid membrane of C/CNT for the gas permeability
of H2, CO2, O2, N2, and CH4. In this work, authors used CNTs in the form of single-
walled carbon nanotubes (SWCNTs) and multiwalled carbon nanotubes (MWC-
NTs) individually in the membranes. Their results show that MWCNTs incorporated
Carbon membrane exhibit higher permeability but lower selectivity than SWCNTs
embedded Carbonmembrane. Further, acid treatment of theMWCNTs helps to open
the blocked ends which can help to enhance the selectivity. There are many review
articles published for the composite polymeric membranes for the hydrogen separa-
tion. Some of them are Perovskite-based (Hashim et al. 2018), graphene-based (Song
et al. 2018), dense metal membrane-based (Al-Mufachi et al. 2015), silica-based
membranes (Khatib and Oyama 2013) and non-Pd BCC alloy-based membranes
(Dolan 2010).

7 Conclusion

In this chapter, we have discussed the gas separation of engineered porous polymeric
membranes by different methods for the fabrication of gas-selective membranes.
Membrane-based gas separation has the trade-off relation between the permeability
and selectivity. To overcome this issue, the engineering of pore channels by function-
alization with a suitable group and depositing the gas-sensitive nanomaterials could
be one possible way. Composite membranes with block copolymer nanotemplates
also affect the permeability of a specific gas as well as selectivity. Carbon-based
dense membranes are also useful to alter the gas permeability and selectivity of the
polymeric membranes.
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Functionalized Nano-porous Silicon
Surfaces for Energy Storage Application

Pushpendra Kumar

Abstract Energy storage has been of a topic of curiosity since long for a persistent
human activity. Storing power from several intermittent sources has been a great
interest of scientific community and grows as the renewable energy industry begins to
generate a larger fraction of overall energy consumption. Several renewable sources
of energy exist, e.g., wind energy, solar energy, bioenergy, etc., but the problem is to
store this energy and again reuse it when needed. For that an electrode is required that
has high-energy storage capacity. The electrode that has a very large surface area,
long durability, and high conductivity is prerequisite. Electrochemically prepared
porous silicon where the physical properties, e.g., pore diameter, porosity, and pore
length can be controlled by etching parameter and the functionalized nanostructured
surfaces of porous silicon, might be the key material to develop high-energy storage
electrodes.

Keywords Porous silicon · Renewable energy · Functionalized nanostructured
surfaces · Electrochemical etching

1 Introduction

Climate change is one of the major challenges that the international community is
facing at present. However, there is no immediate solution to the problem. But it
can only be solved through efficient materials and scientific knowledge. Most of the
scientists agree that the climate change is due to greenhouse gases. The gases that
contribute to the greenhouse effect are N2O, CO2, CH4, water. One of the important
sources for generating these greenhouse gases is the burning of fossil fuels like coal
and oil. An alternative source of renewable energy that includes solar energy, wind
energy, hydropower, geothermal energy, and biomass energy is required to avoid
the use of fossil fuels. The power generation systems such as solar and wind have
limitations due to their intermittency and the fact that maximum production periods
do not correspond to the times of highest demand. This limits the practicality of solar

P. Kumar (B)
Department of Physics, Manipal University Jaipur, Jaipur 303007, Rajasthan, India
e-mail: pushpendra.kumar@jaipur.manipal.edu

© Springer Nature Switzerland AG 2020
L. Ledwani and J. S. Sangwai (eds.), Nanotechnology for Energy and Environmental
Engineering, Green Energy and Technology,
https://doi.org/10.1007/978-3-030-33774-2_16

377

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-33774-2_16&domain=pdf
mailto:pushpendra.kumar@jaipur.manipal.edu
https://doi.org/10.1007/978-3-030-33774-2_16


378 P. Kumar

and wind power in areas without backup of grid connections. Therefore, the capacity
to store converted solar and wind energy is an urgent requirement of renewable
energy.

As the electrical energy has to be used immediately, therefore, it is difficult to
match electrical energy demand with the intermittent source of renewable energy
without cheap storage. At present the researcher is working on two main concepts to
address this problem. The first is based upon photocatalytic processes where the solar
energy is directly converted into storable fuels. In the second concept the batteries are
used to store energy. A lot of research efforts are beingmade by researchers across the
world to develop an capable electrodematerials to store energy. For that a high-energy
storage capacity electrode is needed. Electrode designs that have a very large surface
area, highly conducting, and long durability are required. Modified nanostructured
surface of nanostructured materials might be few of the key materials to develop
high-energy storage electrode. There have been wide ranges of porous material, e.g.,
metal-organic frameworks (MOFs) (Furukawa et al. 2013), mesoporous materials
(Schuth and Schmidt 2002), and electrochemically etched porous semiconductors
(Foll et al. 2006) where fine control over physical properties of porous materials is
achieved utilizing controlled techniques, such as directing molecular building blocks
into porous structures for MOFs.

One-dimensional nanostructured materials are promising building blocks for next
generation photovoltaic, optoelectronic, batteries and photonic devices due to their
dimensional dependence physical, optical, and electronic properties. Silicon is a high
density material compared to carbon materials, therefore the silicon-based batteries
have higher volumetric energy density and can easily be integrated on chip with
silicon devices, which would make the silicon battery electrode potential candidates
for energy storage applications. Further the porous matrix offers high volumetric
storage characteristics that are required for transportation applications and mobile
technology (Gogotsi and Simon 2011). This underlines a structural advantage of
controllable porous materials and one-dimensional nanostructured materials, such
as nanoporous silicon (PS), since the chemical and electrochemical etch process that
forms the active material structure dictates the volumetric energy storage properties
and enables this metric to be easily assessed and controlled (Gaur et al. 2013; Gran-
itzer and Rumpf 2010). However, PS suffers from high reactivity due to its relatively
high resistance resulting in poor stability and low power density. Coating of graphene
on PS has been possible solution to increase the stability by reducing the resistance
of PS (Desplobain et al. 2007; Min-Gi et al. 2016; Oakes et al. 2013), but even for
coated electrodes the performance has still been many orders of magnitudes lower
that of carbon-based batteries. This has been attributed to the fact that the power
density is finally controlled by the resistance of the complex Si nanostructure and,
therefore, in addition to the stability the coating also has to provide high conductivity.
Graphene coating on PS is an alternative to provide very large surface area, stability
as well as high conductivity.

The physical properties, e.g., the lateral width, randomness, length scale, and
chemical functionality of PS host matrix can easily be controlled and graphene coat-
ing protects the PS from electrochemical degradationwith the electrolyte, resulting in
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increased energy density compare to uncoated samples. This chapter detailed about
the synthesis and characterization of PS and how the functionalization of PS can
enhance the overall properties that are required to store energy efficiently.

2 Synthesis of Porous Silicon with Different Pore Diameter

A material that has a small hole in it through which water, liquid, vapors, and gas
can be passed and provide large surface to volume ratio in the order of 500 m2/cm3

called porous materials. Porous silicon (PS) which has accidentally discovered while
Uhlir Jr. and Ingeborg Uhlir in 1956 at the Bell labs in U.S. were developing a
technique for polishing and shaping the surface of silicon and germanium (Ulhir
1956; Zhang 2004). During that process under several conditions they observed thick
black, brown, and red film on the surface of the materials. But at that time, the finding
was described as porous silicon and only published in Bell lab’s technical notes. The
scientific community was not interested in porous silicon despite the discovery of
porous silicon in 1956 till Leigh Canham published an experimental result in 1990
on photoluminescence appearance in PS (Canham 1990). Since the discovery of
photoluminescence in PS, it has triggered large-scale investigation for its use in
technological applications. Several methods have been used to prepare the PS that
include electrochemical etching, stain etching, and hydrothermal etching (Abramof
et al. 2006; Liua and Wang 2005; Smith and Collins 1992) which allows to vary
physical and chemical properties of PS as per the technical and scientific demands.
The physical properties, e.g., specific surface area, porosity, pore diameter, and pore
orientation of PS can be varied by changing etching parameters such as current
density, type of doping, level of doping, or crystallographic orientation of the silicon
wafers used (Herino et al. 1987). The well-defined PS morphology is ranged from
microporous with pore size <10 nm and branchy mesoporous silicon with pore size
10–50 nm to the classical macroporous silicon of pore size 50–20 µm.

2.1 Pore Formation in Silicon

Several methods can be used to synthesis porous silicon as discussed in the introduc-
tion part. However, in this chapter the electrochemical etching of Si in aqueous HF
solution was discussed. The holes are prerequisite to create pores in Si. The pores
in Silicon form during anodic polarization in aqueous HF solution, depending on
applied potential between electrode, doping level in Si wafer and HF concentration.
Several mechanism for pore formation have been discussed in the literature (Smith
and Collins 1992; Zhang 2004). The pore formation in Si is the results of inho-
mogeneous dissolution of the Si surface in HF-based electrolyte due to competing
reactions lead to silicon oxide formation followed by dissolution of the oxide by
HF. The overall process during pore formation in Si can be expressed by following
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equations:

Si + 2HF + 2h+ → SiF2 + 2H+, (1)

SiF2 + 4HF → H2 + H2SiF6 (2)

The etching rate is determined by the holes (h+) accumulation in the adjacent
regions of the HF electrolyte and Si atoms.

The electrochemical cell used for making porous silicon is given in Fig. 1. The
polymer such as Teflon is highly acidic resistant material and used to make electro-
chemical etching cell. A conducting and HF-resistant material such as platinum is
generally taken as a cathode in the cell. The Si wafer acts as the anode and placed
on metal disk and sealed through an O-ring so that only front side of Si is exposed to
electrolyte. Using this cell the pores are formed on the surface of Si wafer exposed
to HF, including the cleaved edges. The simplicity and homogeneously anodization
of Si surface is an advantage of the geometry of this cell.

When a Si wafer with high resistivity (i.e., more than a few m�/cm) is used, a
high dose implantation on the back surface of the wafer is required to increase the
electrical contact between the wafer and the metal disk.

HF diluted in deionizedwater was used as an electrolyte to form PS. However, due
to the hydrophobic character of the clean Si surface, the purely aqueous HF solutions
did not infiltrate in the pores of PS. To increase the wettability, the ethanol is usually
added to the aqueous solution. Ethanol not only increases thewettability but also help
for the lateral homogeneity of the PS layer in depth and remove bubbles form due to

Fig. 1 Photograph of
electrochemical cell to
produce PS

Platinum strip 

Si Wafer (anode)

Aluminium plate 
(back contact)

Teflon
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hydrogen evolution on the surface of Si. Due to these reasons the concentration ration
of HF and ethanol or other surfactant is very important to vary the physical properties
of PS. Another factor in deciding the physical properties of PS is potentially applied
between the electrodes. Generally it is preferable to work with constant current
because it allows better control of physical properties and reproducibility of the PS
layer.

2.2 Change in Physical Properties of Porous Silicon

Several mechanisms have been proposed to explain the porous silicon formation.
In most the mechanism basic need is as follows: The holes are prerequisite for pore
formation in Si substrate and theSiwafermust be anodically biased. This corresponds
to reverse biasing for n-type doped silicon and forward biasing for p-type doped
silicon. For semi-insulating p-type doped and n-type doped silicon, light must be
supplied to have enough holes in the substrate. Optimized current density below the
critical value must be used. The holes are used up during the etching of silicon in first
two conditions. Enough holes are available at the pore tips, where, the dissolution
occurs as schematically shown in Fig. 2. Depending on the orientation of Si wafer,
the etching of porous silicon continues in depth that follows the anodic current paths
inside silicon. No more electrochemical etching takes place once a porous silicon
layer is formed but a slow chemical reaction starts, due to the permanence in HF.
The reaction is limited by mass transfer to the solution when the third condition
of critical current is not satisfied resulting the piling up of holes at the silicon-HF
interface and electropolishing take place. For all the three conditions stated above

Fig. 2 Schematic of PS
formation. Etching occurs
only at the pore tips where
the holes (h+) are focused by
the electric field
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the holes play the main role: in fact, porous silicon formation is a self-regulated
mechanism, with hole depletion as the controlling agent. The dissolution reaction
initiates at defects on the surface of silicon, the pores are formed and their walls
are eroded until they are emptied of the holes. This formation process passivates
them from further attack, and the reaction proceeds at the pore tip only. The overall
etching process is self-adjusting and the physical properties of porous silicon, i.e.,
shape, diameter of pores, the porosity, and the thickness of the formed porous layer is
given by the electrochemical parameters only. The physical properties of PS can be
varied with extreme control by changing of the electrochemical etching parameters,
e.g., current density, substrate doping level and type or HF concentration (Kumar
and Huber 2007; Kumar 2011). In addition, when the feature size of the pores of
PS is less than a few nanometers, various quantum-size effects occur, which make
PS even more fascinating. Many theories on the PS formation mechanisms have
been reported since its discovery. In the Fig. 3 it is shown that by changing the HF
concentration in etching solution the pore diameter and porosity of PS can be varied
that results in the different color of PS. In Fig. 3, SEM images, the color observation
and photoluminescence spectroscopymeasurements for three different samples were
shown. From the figure it is clear that with increase in ethanol to HF concentration
by keeping other parameters constant the pore diameter and porosity is increased.
As Si is indirect bandgap material and does not show any PL therefore is limited in
many of the technology. However, PS shows the PL properties as shown in Fig. 3
and open up several optical applications. With increase in pore diameter in the PS
sample the distance between two pores is decreased results in the decrease of Si
crystalline size. When the size of Si crystallites among the pore reduces less than the
bohr’s exciton radius, i.e., 4.9 nm for Si, several quantum effect starts to occur and
that resulted in the photoluminescence appearance in PS. The physical properties of
PS are determined by two large groups of factors, the first group of factors includes
doping type and level and potential that affect carrier density on the surface of a
pore bottom and second group of factors includes HF concentration and current
density that affect only the dissemination of the reactions. In this chapter, the effect
of HF concentration on physical properties by keeping other parameters constant
as shown in Fig. 3 was discussed. Si surface is hydrophobic in nature, therefore
ethanol is usually added to aqueous etching solution to increase the wettability of
the PS surface. Ethanol is very important for the lateral homogeneity of the PS
layer in depth because ethanoic solution infiltrates the pores, while pure aqueous HF
solution does not. Further during the etching the hydrogen evolution in bubbles form
takes place and stick on the Si surface in pure aqueous solutions whereas they are
easily removed if ethanol is present. With increase of HF concentration in etching
electrolyte, the pore diameter and porosity of PS decreases that can be understood
as follows: both the pore diameter and wall thickness for highly doped p-type Si, are
largely determined by the thickness of the space-charge layer formed at the interface
of electrolyte and Si. Thus, in general, the thickness of the space-charge layer has the
same order of magnitude as pore diameter. The wall thickness is generally less than
twice the space-charge layer thickness. The wall region is depleted of carriers and
is thus not conductive due to the overlapping of two space-charge regions entering
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a b c

30 nm 30 nm 

(a) (b)

30 nm 

(c)

Fig. 3 FESEM image, visual images and PL spectra (L is Si crystallize size between two pores)
of samples prepared in different concentration of etching solution for HF:Ethanol a 3:7 b 4:6 c 6:4

at neighboring pores. The walls are not depleted of carriers if the wall thickness is
larger than twice the space-charge layer thickness and dissolution can still occur to
form new pores on the walls. With controlled space-charge layer thickness to form
PS, the actual wall thickness is determined by the relative dissolution rates between
the pore tip (it) and the edge of a pore bottom (ib). If it is comparable to ib, significant
dissolution occurs at the edge of the pore bottom before the pore tip propagates far
away resulting in a thin wall or the annihilation of walls. On the other hand, The
relatively thick walls and small pore can be generated, if ib is very small compared
to it , the pore tip propagates relatively fast before much dissolution occurred on
the edge of the pore bottom, where dissolution is virtually stopped due to lack of
carriers. In p-Si by increasing the HF concentration the thickness of the space-charge
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layer reduces and the pore tip current density increases results in smaller pores and
thicker walls. On the other hand, polishing of silicon in aqueous HF solution is
known to be preceded by silicon oxide formation. The oxide is then dissolved by
HF through formation of a fluoride complex in the solution. With increasing HF
concentration in etching electrolyte the dissolution rate of silicon oxide increases
that in turn increases the critical current density at which the surface is covered by
oxide.As a result, walls become thicker and the pores become smallerwith increasing
HF concentration (Kumar 2009; Michler et al. 2000; Zhang 2004).

3 Energy Storage Devices

An energy storage device is a device that is used to store electric energy when
needed and releasing it when required. High-power and high-energy storage devices
is a long-standing goal of material scientist that is source of portable energy for
transportation to reduce the reliance on fossil fuels. To encounter the problem of
global warming due to the use of fossil fuels, the energy storage device technology
in fields such as renewable energy generation and hybrid automobile systems is
an emerging field of research. Energy can be stored in a range of ways depending
upon the intentional use with each method having its advantages and disadvantages.
Batteries, fuel cells, and supercapacitors have been used and studied since long to
store electrical energy. The need to develop energy storage devices to store energy
from sustainable and renewable energy sources is leading society to develop energy
from sources that are not continuously available, such as the wind and sun. Several
types of energy storage devices are availablewith different properties given inTable 1.
Energy generated from renewable sources has to be converted and stored by highly
efficient and eco-friendly ways for sustainable economic growth and environment
protection. Rechargeable batteries and supercapacitor storage devices are the most
common means of storing energy.

However, there are a number of tasks that need to be addressed in order to improve
their performance and tomake themeconomically viable. Therefore, electrochemical
devices that can deliver high energy density are increasingly important. As renewable
energy sources become increasingly predominant the need for high-power storage
and high energy-density devices with long durability is greater than ever. The devel-
opment of suitablematerials for these devices originates with a complete understand-
ing of the complex processes that govern energy storage and conversion spanning
several orders of magnitude in time and length scales. Figure 4 shows the Ragone
plot of the energy storage and power handling capacity of some different storage
techniques.
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Fig. 4 The Ragone plot shows the energy storage and power handling capacity of some alternative
storage techniques. Taken for representation from https://www.mpoweruk.com/alternatives.htm

3.1 Battery

A battery consists of two or more electric cells joined together and these cells con-
vert chemical energy to electrical energy. The cells consist of negative and positive
electrodes combined by an electrolyte. In battery, the DC electricity is generated
by the chemical reaction between the electrodes and the electrolyte. In the case of
rechargeable or secondary batteries, by reversing the current the chemical reaction
can also be reversed and the battery returned to a charged state. Large number of
materials and electrolytes were studied and that have been combined to form a bat-
tery. However, relatively only a small number of combinations has been developed
as marketable rechargeable electric batteries appropriate for use in vehicles. Several
types of batteries that include nickel cadmium, lead acid, nickel iron, nickel metal
hydride, lithium polymer and lithium-ion, sodium metal chloride, sodium sulphur,
and others have been designed to meet required duration, specific power, and energy
density.

Battery store energy through changes in their internal chemistry andunderstanding
of battery chemistry is required for their performance, maintenance and their limited
life, self-discharge, and reduce efficiency at higher current. When a battery discharge
through a load, the internal battery chemistry undergoes a change. To recharge a
battery, the chemical changes are reversed, and energy is again stored in the battery.
A specific amount of energy canbe stored in the battery dependingon the specification
of battery. A lot of research is going on to improve the basic parameters of batteries
that are reviewed briefly here.

3.1.1 Cell and Battery Voltage

In order to have desired net voltage, a number of cells are connected in series to form
a battery. Voltage across the terminal is given as

https://www.mpoweruk.com/alternatives.htm
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V = E − IR (3)

where E is the fixed voltage, I is current flowing in the circuit and R is the internal
resistance.

3.1.2 Battery Capacity

The energy stored in a battery called the battery capacity and measured either in
ampere-hours (Ahr) or Watt-hours (Wh), kilowatt-hours (kWh).

3.1.3 Energy Stored

The energy stored in the battery depends on the charge stored and its voltage.
Energy in Whr = V × Ahr.

3.1.4 Specific Energy

Specific energy is the amount of electrical energy stored per unit mass and has units
of Wh kg−1.

3.1.5 Energy Density

Energy density is the amount of electrical energy stored in a given system per unit
volume. It normally has units of Wh m−3.

3.1.6 Specific Power

Specific power is the amount of power obtained per kilogram of battery. It is a highly
variable and rather anomalous quantity, since the power given out by the battery
depends more on the load connected to it than the battery itself.

3.1.7 Power Density

Power density is the maximum power per unit volume and measures how quickly
the battery can deliver energy. Its units are W/kg or W/m3.

Reasonable price, high energy density, fast charging and discharging capability,
safety, and good durability are the key characteristics of an optimal battery. The
energy density of a battery can be varied by three factors: (1) by having a large
chemical potential difference between the two electrodes; (2) by making the volume
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or mass of the reactants per exchanged electron as small as possible; (3) electrolyte
should not be consumed in the chemistry of the battery. The Lithium-ion batteries
are widely used due to their high energy density in mobile technology and are con-
sidered to be one of the best choices as a power source for vehicles. However, an
effort is being made to increase the capacity of lithium-ion batteries by replacing
the traditional graphite as the anode material with the use of silicon (Si). Silicon has
a theoretical specific capacity of ~4200 mAh/g for lithium compare to traditional
graphite that has specific capacity of ~370 mAh/g. Even when taking into account
the volumetric expansion, simply by changing the graphitic anode by silicon, it has
been estimated that the cell energy density could be improved by 10–30% (Bogart
et al. 2014; Obrovac and Chevrier 2014). Silicon is commonly used in anodes today
and can hold 10 times more lithium ions than the graphite. But Si expands its volume
three times when completely lithiated. The swelling and shrinking on repeated cycle
causes silicon to quickly break down. To overcome these problems of stability due
to volumetric expansion, a functionalized mesoporous silicon is being used as an
anode material. It is reported that the pores between the Si material help to provide
the space for volumetric expansion results in better stability. Therefore an optimized
pore size of porous silicon has been studied for stability of battery electrode (Ikonen
et al. 2017).

3.2 Supercapacitor

Capacitors are devices in which two conducting plates are separated by an insulator
and a supercapacitors are capacitors, which can store large quantities of electric-
ity. Energy storage capacity per unit volume or mass of supercapacitor is 10–100
times more than electrolytic capacitors. They can be charged and discharged much
quicker than batteries, and have many more charging and discharging life cycles
than rechargeable batteries. The electric energy in capacitors is stored by accumulat-
ing positive and negative charges often on parallel plates separated by an insulating
dielectric while batteries store electricity using electrochemical potential. Capacitors
have traditionally been used to provide very short bursts of energy usually less than
one second. The charge storage capacity of the capacitor is limited and is usually
much larger and heavier than a battery of equivalent power. Supercapacitors have
been projected as a potential replacement for traditional batteries due to rises in stor-
age capacity. Capacitors are potential candidates for energy storage for regenerative
breaking due to its quick charge and discharge capacity. The capacitor storage capac-
ity is decided by the surface area of its two charged plates. The higher surface area
of plates has larger capacitance. The surface area of capacitor plate can be increased
by the use of nanostructured surfaces results in the increase in charge capacity of
capacitor. The energy stored in a capacitor is given by the following equation

E = 1

2
CV 2 (4)
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where E is the energy stored in Joules and V the voltage between the plate. The
stored energy in the capacitor can be increased by increasing the voltage stored on
the capacitor or the capacitance C. The capacitance C of a capacitor is given by the
equation:

C = ε
A

d
(5)

where C is the capacitance in Farads, ε is the permittivity of the material between
the plates, d is the separation between the plates and A is the area of plate. The small
separation between the plates is the key to modern supercapacitors. The capacitance
arises from the formation of the double layer of electrolytic ions on the surface of
electrode. Due to high surface areas of 10,00,000m2kg−1, and a capacitance of 4,000
F they can be fitted into a container of the size of a beer can. However, the problem
with these capacitor is that the voltage across it can be very low, between 1 and 3 V as
is clear from Eq. 4 that limits the energy density of the capacitor. Several capacitors
have to be connected in series to store charge at a reasonable voltage. This not only
adds cost but also brings other problems too. Energy storage capacity is still very less
in supercapacitor and a lot of research is being done to increase the energy density
(Gupta et al. 2011).

4 Functionalized Nano-porous Silicon

The active materials are required for future energy storage challenges to store energy
produced from low-cost sources for consumer-level electronics applications or grid-
scale applications. The2ndmost abundant element on the earth is Silicon andhas been
material with revolutionary impact on the solar industries and electronics (Palestino
et al. 2007). Silicon is a high-density material than carbon materials, therefore, the
silicon-based capacitors have higher volumetric energy density and can easily inte-
grated on chip with silicon devices that would make the Si capacitors potential
candidates for technological applications. Further the porous matrix offers high vol-
umetric storage characteristics that are required for transportation applications and
mobile technology. However, doped silicon suffers from the immense reactivity of
surface-bound silicon atoms with electrolytes that hinders electrochemical stability
and surface traps that obstruct conductivity (Michler et al. 2000; Pelton et al. 2002).
Si has been used widely as anode materials in metal-ion batteries due to its surface
reactivity with electrolyte that helps charge to store through intercalation reactions,
but has hindered producing silicon-based materials for stable double-layer charge
storage (Santori et al. 2001; Yuan et al. 2002). Only few investigation of Si materials
in electrochemical environments have been reported till now. In which the specific
capacitances in device configurations have been reported orders of magnitude lower
(5mF/g) than carbonmaterials for on-chipmicro-supercapacitors and a strong depen-
dence of the equivalent series resistance (ESR) on the surface characteristics of the
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silicon (Desplobain et al. 2007; Thissandier et al. 2012; Thissandier et al. 2013).
Carbon-based nanostructured materials have been used for supercapacitor applica-
tions along with the development of new architectures of meso-and nanoporous
materials because of their inherent good electrical conductivity and electrochemi-
cal stability (Jha et al. 2012; Zhu et al. 2012). However, volumetric performance
is often ignored due to inhomogeneity in sample thickness despite the industrial
importance of volumetric storage characteristics when assessing performance for
technological applications (Gogotsi and Simon 2011). This highlights a structural
benefit of controllable porous materials, such as porous silicon that is formed by
electrochemical etching process and the porous active material that can be varied by
etching condition can decide the volumetric energy storage properties. PS has been
a material of interest due to its high energy density and easy synthesis. However,
due to high resistance and high reactivity of PS it results in low power density and
poor stability. Coating of thin layer of materials on PS has been possible solution to
increase the stability and lessen the resistance (Oakes et al. 2013; Rowlands et al.
1999), but even for coated electrodes the performance has still been many orders
of magnitudes lower that of carbon-based supercapacitors. However, the resistance
of the complex Si nanostructure has limited the power density, therefore, in addi-
tion to the stability the coating also needs to provide high conductivity. Graphene
coating on PS is an alternative to provide both stability as well as high conductivity.
Graphene a 2 Dmaterial has shown a wide range of properties that includes strength,
elasticity, mechanical stiffness, electrical and thermal conductivity, it is chemically
inert, impermeable to gases, optically active and flexible. Graphene, being a highly
inert material can act as a corrosion barrier against most gases, water, and oxygen
diffusion.

Functionalization of porous silicon surfacewith graphenewas done byOakes et al.
for stable and high-performance electrochemical supercapacitor. In this study highly
doped (0.01–0.02 � cm) Si wafer has been used to make porous silicon in HF-based
electrolyte using electrochemical etching. As shown in Fig. 3 by changing etching
conditions that include HF concentration in electrolyte, etching current density, etch-
ing time, type and doping level of Si, the physical properties of PS can be varied. An
optimized PS of 75% porosity and 4 µm thick sample has been used for graphene
coating to check its stability and energy storage capacity. For graphene coating, the
PS sample has been treated with C2H2/H2/Ar gas mixtures over a temperature ramp
from 650 to 850 °C for 20 min. With this treatment mono or few layer graphene has
been coated on PS surface. The coating of graphene on PS has enhanced conductivity
as well as provides a stable electrode–electrolyte interface that is critical to attain
good energy storage characteristics.With the same porous structure, graphene-coated
PS devices compared to pristine PS has leaded much greater charge storage capacity
as illustrated in Fig. 5a. FESEM images of pristine PS and graphene-coated PS shown
in Fig. 5b and c respectively revealed nanoscale structure provides high surface areas
that enable this material architecture for electrochemical supercapacitor electrodes
reported by Oakes et al. in scientific reports (Oakes et al. 2013). They have shown
that the graphene-coated PS has outstanding electrochemical properties compared
to uncoated PS in every measure and by using electrochemical device testing data, a
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Fig. 5 Graphene coating on porous silicon. a Scheme of the effect of coating p-Si on the capacitive
charge storage properties. SEM cross-sectional images of porous silicon showing the interface
between the etched porous silicon and the silicon wafer for the case of b uncoated, pristine porous
silicon and c graphene coated porous silicon

Ragone plot was constructed to show the energy–power characteristics of this device
that include specific and volumetric energy storage capacity shown in Fig. 6a and b
respectively. The graphene-coated PS has shown ~50X lesser resistance than fresh

Fig. 6 Specific and volumetric Ragone plots for coated and pristine porous silicon Ragone analysis
for pristine, uncoated p-Si (blue, squares) and graphene-coated p-Si (red, circles) in the framework
of both a specific and b volumetric energy storage characteristics
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PS, attributable to the presence of surface traps in fresh p-Si that reverse doping
effects. Graphene coating on PS has improved ~30X electrolyte–electrode interface
charge transfer resistance, ~15X Warburg diffusion resistance ~2X electrochemical
window, ~10–40X in both specific energy density and volumetric shown in Fig. 6 and
considerably enhanced long-term cycling characteristics with less than 1% change
in capacitance over 3500 cycles.

5 Conclusion

The energy storage devices can play a vital role in storing renewable energy for
technology applications in several fields. Different type of energy storage systems
with their characteristic parameter were reviewed. The silicon, due to its high theo-
retical specific capacity of ~4200 mAh/g and second most abundant element on the
planet, has been explored for energy storage devices. The PS that further provide
large surface area for electrode was discussed in detail. The surface of PS is highly
reactive with electrolyte and has high resistance. The coating of graphene on PS has
enhanced conductivity as well as provides a stable electrode–electrolyte interface
that is critical to attain decent energy storage characteristics. The PS with optimized
physical properties that include porosity, thickness, and morphology can provide the
potential toward integration of efficient energy storage into existent silicon-based
technology platforms in diverse technologies such as sensors, electronics, and solar
devices.
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Optimization of MAPbI3 Film Using
Response Surface Methodology
for Enhancement in Photovoltaic
Performance

Nitu Kumari, Sanjaykumar R. Patel and Jignasa V. Gohel

Abstract In the present study, optimization of process parameters for the deposi-
tion of methylamine lead iodide (CH3NH3PbI3 or MAPbI3) film is focus upon using
parametric study and response surface methodology (RSM), respectively. The inde-
pendent parameters to be optimized are PbI2:CH3NH3I ratio (1:2–1:4); spin speed
(2000–3000 rpm); and annealing temperature (60–100 °C). The dependent param-
eter considered in this study is power conversion efficiency (PCE) of perovskite
solar cell (PSC) fabricated using MAPbI3 layer. The value of the device efficiency
at parametric optimum condition was 7.30%. Furthermore, to achieve specific opti-
mum condition, RSM was applied to estimate the impact of deposition parameters
on device efficiency. The predicted value of the PCE of PSC at optimum condition
using RSM was 8.52%. The improvement of 16.7% in efficiency of the device can
be clearly observed after the application of RSM.

Keywords MAPbI3 perovskite · Response surface methodology · Spin coating ·
Perovskite solar cell · Power conversion efficiency

1 Introduction

Low cost and excellent performance of solar cells based on MAPbI3/FAPbI3 make it
a significant breakthrough in the field of photovoltaic (Lina et al. 2019). The major
role of the perovskite layer is to absorb photons and generation of electron–hole pairs
in solar cells (Zhang et al. 2019). The PCEof PSChas been quickly enhancedwith the
improvement of film qualities, and modification in device structure (Kumari et al.
2018). Miyasaka et al. 2009 have synthesized first organometal halide (MAPbI3)
solar cell and achieved PCE of 3.9% (Kojima et al. 2009). After that, through careful
strategy and using new material designs for PSC (Noh et al. 2019; Xie et al. 2019;
Wang et al. 2018), PSCs have reached certified PCE up to 23.2% (Jeon et al. 2018).
The PCE of PSCs depends on the quality of each and every layer associated with the
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device and the recombination of charges on the surface is one of the major reasons to
reduce PCE of PSC (Yang et al. 2019; Seo et al. 2019). The surface charge recombi-
nation is significantly reduced by using uniform, dense, and smooth perovskite layer
in PSC as it increases the concentration of charges (Kumari et al. 2018). The highly
efficient devices usually utilize TiO2 layer (n-type), spiro-OMeTAD (p-type), and a
metal back contact to form n-i-p PSC (Chen et al. 2019). Despite these advances,
PSCs have not still become commercialized due to device stability, poor film mor-
phology, low PCE (Rehman et al. 2019; Lee et al. 2015). Spin coating technique
is one of the most common and cost-effective methods to prepare and control the
morphology of perovskites light absorber layer. The major independent parameters
associatedwith spin coating technology that helps to improve the quality ofMAPbX3

films are the precursor ratio (PbX2:MAX), spinning speed, and annealing tempera-
ture. Xie et al. (2016) and Zhang et al. (2017) have studied the effect of precursor
ratio whereas Dualeh et al. (2014) have reported the effect of annealing temperature
detail. The simultaneous effect of all these parameters is yet to be reported. So, a
study on the effect major deposition parameters on the device efficiency is focused
in this paper.

RSM is a cost-effective and dominant optimization technique used to get a rela-
tion between process parameters (independent variables) and responses (dependent
variables). RSM has gained recognition because it reduces the workload as well
as production cost by optimizing the process parameters (Biira et al. 2017). RSM
utilizes mathematical and statistical techniques that make it more efficient than the
other conventional optimization techniques (Jambo et al. 2019). Up to now, there was
no detailed improvement inquire about that utilized RSM programming to optimize
the processing parameters of spin coater during the synthesis of MAPbI3 film for the
application in PSCs. Therefore, the purpose of this study is the synthesis of MAPbI3
films by optimizing the deposition parameters of spin coater using Box–Behnken
design (BBD) (33) response surface designs. The prepared and optimized MAPbI3
films were applied in PSCs fabrication to enhance device efficiency. Previously opti-
mized ZnO (Kumari et al. 2017, 2018) and TiO2 (Kumari et al. 2018) films were
used as bilayer electron transport layer during device fabrication in this study. The
range of precursor ratio (PbI2:MAI), spin speed, annealing temperature were kept as
(1:2–1:4), (2000–3000 rpm), and (60–100 °C), respectively, to evaluate their effect
on PCE of PSC.

2 Materials and Methodology

2.1 Material

All chemicals are obtained from Sigma-Aldrich except if expressed and utilized
without further purification.
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2.2 Methodology

2.2.1 Deposition of TiO2/ZnO Bilayer

TiO2/ZnO bilayer was coated upon fluorine-doped tin oxide (FTO) substrate as indi-
cated by the technique announced in our past investigation (Kumari et al. 2018) to
make electron transport bilayer.

2.2.2 Deposition of MAPbI3 Films Using Spin Coating Technology

MAPbI3 thin films have been prepared by one-step spin coating method using PbI2
andMAI. Precursor solution was made by dissolving PbI2 andMAI in the mixture of
GBL and DMSO. Then it was spin-coated on pre-coated FTO/TiO2/ZnO substrate
to prepare MAPbI3 film. During spinning, some amount of toluene is dripped on
the substrate to make intermediate phase by removing residual DMSO and GBL.
The influence of various control parameters has been studied in detail to find opti-
mum conditions. During deposition of MAPbI3 films using parametric study, it was
observed that the PCE of device using 1:1 ratio of PbI2 and MAI was not high.
Therefore, this combination is not considered for further study. The ratio of PbI2 and
MAI (1:2–1:4), spin speed (2000–3000 rpm), and annealing temperature (60–100 °C)
were varied.

2.3 Perovskite Solar Cell Fabrication

Every one of the layers with the exception of MAPBI3 layer was coated upon FTO
substrate as indicated by the technique specified in our beforehand announced paper
(Kumari et al. 2018) and the MAPBI3 layer was coated by the strategy made in the
Sect. 2.2.2. The device structure can be found in Fig. 1.

2.4 Characterization

All the characterizations were finished utilizing the same techniques from announced
in our past investigation (Kumari et al. 2018).
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Fig. 1 Device structure of PSC

3 Results and Discussion

3.1 Optimization of MAPbI3 Using the Parametric Study

3.1.1 Effect of Precursor Ratio

To see the impact of the forerunner proportion on the device efficiency, it was dif-
fered from 1:2 to 1:4 keeping spin speed (2000 rpm) and annealing temperature
(100 °C) steady. The XRD image of deposited MAPbI3 films at different forerunner
proportions is appeared in Fig. 2. The diffraction peaks of MAPbI3 film were got-
ten at 12.62°, 14.34°, 28.42°, and 32.06° relating to the planes (001), (110), (220),
and (310), respectively. This confirms the conversion of PbI2 into MAPbI3. Figure 2
demonstrates that with the expansion in forerunner proportion from 1:4 to 1:2, the
impurity peaks of PbI2 getting smaller in the XRD pattern. A similar type of result
was observed by Xie et al. (2016). This might be attributed to the presence of fewer
amounts of MAI.

Additionally, to support our findings, further elemental analysis (see Table 1)
and optical properties (Fig. 3) of prepared MAPbI3 films got at three distinctive
forerunner proportions were inspected. From Table 1, it is clear that percentage
compositions of the carbon and nitrogen increase with the decrease in the precursor
ratios. This may be attributed to the increase of the MAI content in the precursor
solution. From Fig. 3, it is clear that the bandgap of MAPbI3 (~1.63 eV) and the light
assimilation capacity of MAPbI3 layer prepared at 1:3 precursor ratio was observed
to be maximum. Further, the films obtained at 1:4, 1:3, and 1:2 precursor ratios were
used in device preparation (named D1, D2, and D3, respectively). The efficiency of
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Fig. 2 XRD spectra of prepared MAPbI3 films at different precursor ratios

Table 1 Elemental
composition in MAPbI3 films
at different precursor ratios

PbI2:MAI ratio 1:2 1:3 1:4

C 11.19 20.96 26.40

N 5.73 6.82 7.76

I 36.13 23.08 9.38

Pb 19.68 11.23 6.75

Amorphous C 25.84 37.29 48.24

Metallic Pb 1.43 0.62 1.47

PSC prepared using MAPbI3 at 1:3 was found to be higher among all three devices
(see Table 2 and Fig. 4) and therefore, 1:3 precursor ratio was considered as optimum
for further study.

3.1.2 Effect of Annealing Temperature

To see the impact of annealing temperature on the device efficiency, it is varied from
60 to 100 °C keeping spin speed (2000 rpm) and forerunner ratio (1:3) constant. The
significant diffraction peaks of unadulterated MAPbI3 film were gotten at 14.34°,
28.42°, and 32.06° relating to the planes (110), (220), and (310), respectively (see
Fig. 5). Figure 5 demonstrates that expansion in the annealing temperature from 60
to 100 °C leads to higher transformation of PbI2 into MAPbI3 because of better
crystallization. This outcome is in good agreement with the outcome revealed by
Dualeh et al. (2014). It is confirmed by three dimensional AFM images of MAPbI3
films at various annealing temperatures as shown in Fig. 6. The optical properties of
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Fig. 3 Absorption spectra of prepared MAPbI3 films at different precursor ratios

Table 2 Experimental data (PCE of PSC) obtained at various processing conditions

Sr.
No.

Parameters Responses

Speed
(rpm)

Temp
(°C)

Ratio
(PbI2:CH3NH3I)

Jsc
(mA cm−2)

Voc (V) FF (%) PCE (%)

D1 2000 100 1:2 8.87 ± 0.17 0.64 ± 0.01 57 ± 0.04 5.67 ± 0.11

D2 2000 100 1:3 16.89 ± 0.19 0.72 ± 0.03 60 ± 0.05 7.30 ± 0.07

D3 2000 100 1:4 11.12 ± 0.20 0.71 ± 0.04 62 ± 0.02 6.20 ± 0.09

D4 2000 60 1:3 11.00 ± 0.15 0.64 ± 0.03 56 ± 0.03 5.41 ± 0.11

D5 2000 80 1:3 15.54 ± 0.23 0.70 ± 0.02 60 ± 0.04 7.03 ± 0.12

D6 2500 100 1:3 15.16 ± 0.25 0.71 ± 0.02 66 ± 0.03 6.65 ± 0.10

D7 3000 100 1:3 15.81 ± 0.26 0.69 ± 0.04 63 ± 0.02 6.82 ± 0.09

MAPbI3 films prepared at various annealing temperatures are shown in Fig. 7. From
Fig. 7, it is clear that the light absorption ability (of MAPbI3 film) is observed to be
maximum, when prepared at 100 °C annealing temperature. At 60 °C, the absorption
is very low that also predicts incomplete conversion of PbI2 into MAPbI3. Further,
the MAPbI3 films acquired at various annealing temperature were connected in PSC
creation (D1, D4, and D5, separately). The PCE of the device achieved at 100 °C
annealing temperature was watched higher than different devices (see Table 2 and
Fig. 4) and in this manner, 100 °C annealing temperature is considered as optimum
for further examination.
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Fig. 4 J–V curve of PSC fabricated at different parametric conditions

Fig. 5 XRD spectra of prepared MAPbI3 films at different annealing temperatures

3.1.3 Effect of Spin Speed (rpm)

To see the impact of spin speed on the efficiency, annealing temperature (100 °C),
and forerunner proportion (1:3) were kept steady and spin speed was varied from
2000 rpm to 3000 rpm. Figure 8 demonstrates the XRD image of MAPbI3 film at
different rotating speed. The real diffraction peaks of unadulterated MAPbI3 film
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Fig. 6 AFM image of prepared MAPbI3 films at different annealing temperatures

Fig. 7 Absorption spectra of prepared MAPbI3 films at different substrate temperatures

were acquired at 14.34°, 28.42°, and 32.06° comparing to the planes (110), (220),
and (310), respectively. The structural properties of MAPbI3 films at different spin
speed remains almost unchanged as can be seen from Fig. 8. Therefore, further
analysis was not done at different spin speeds. The PCE of the device acquired at
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Fig. 8 XRD spectra of prepared MAPbI3 films at different spin speeds

2000 rpm was marginally more among each of the three devices (see Table 1 and
Fig. 4, D1, D6–D7). Thus, 2000 rpm spin speed was considered as the optimum.

In this manner, the optimum condition utilizing parametric investigation was seen
as an arrangement of forerunner proportion (1:3), substrate temperature (100 °C),
and spin speed (2000 rpm).

3.2 Optimization of MAPbI3 Using the Response Surface
Methodology

3.2.1 Experimental Design

The experimental design was developed using three-level three-factor BBD model
by RSM techniques to see the impact of the deposition process on the PCE of the
device. The PCE of PSC achieved by (at 1:1 ratio of PbI2 and MAI) was not high
(Kumari et al. 2019). So a higher ratio (1:2–1:4); was considered in this study.
PSCs made at spin speed below 2000 rpm has not given good results so, higher
speed (2000–3000 rpm) is considered in this study. PbI2 to MAI ratio, spin speed
and the annealing temperature have been considered as free factors. The annealing
temperature was changed from 60 to 100 °C.

The autonomous parameters and their levels of the BBD are appeared in Table 3.
The predicted responses were computed by the technique detailed in our past exam-
ination (Kumari et al. 2019) and the formed BBD is illustrated in Table 4. To see the
significance of models, ANOVA and f-test were performed by the technique made
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Table 3 Independent variable and levels used for response surface design

Independent variables Symbols Low level (−1) Medium level (0) High level (+1)

PbI2:MAI ratio X1 1:2 1:3 1:4

Rotational speed (rpm) X2 2000 2500 3000

Annealing temperature
(°C)

X3 60 80 100

Table 4 Experimental data for three-level, three-factor surface response design with coded values
of variables

Experimental run Factors Response

X1 (ratio) X2 (rpm) X3 (°C) Y (%)

1 2 2500 100 7.39

2 2 2500 60 5.41

3 3 2000 100 7.41

4 2 2000 80 5.29

5 4 2500 60 4.19

6 3 2000 60 5.59

7 3 3000 60 4.89

8 3 2500 80 7.37

9 4 3000 80 3.69

10 3 2500 80 7.34

11 4 2000 80 4.29

12 3 2500 80 7.31

13 4 2500 100 6.39

14 2 3000 80 4.71

15 3 2500 80 7.36

16 3 3000 100 7.09

17 3 2500 80 7.32

Y: Power conversion efficiency (%) of PSC

reference to in our past investigation (Kumari et al. 2019). What’s more, the fitted
outcomes are appeared in Table 5. From Table 5, plainly the p-estimation of the
quadratic model is under 0.0001. In this way, a quadratic model was considered for
further investigation.



Optimization of MAPbI3 Film Using Response … 405

Table 5 Adequacy of the model tested

Sequential model sum of squares

Source SS MS f-value p-value Remark

Mean 624.5 624.54

2FI 0.048 0.0161 0.008 0.9988

Quadratic 18.31 6.1035 3051.7 <0.0001 Suggested

Cubic 0.011 0.0038 5.846 0.0605 Aliased

Residual 0.002 0.0006

Total 654.1 38.480

Model summary statistics

Source R2 Adj. R2 Pred.R2 PRESS Remark

2FI 0.3816 0.0105 −1.070 61.35

Quadratic 0.9995 0.9989 0.993 0.18 Suggested

Cubic 0.9999 0.9996 + Aliased

SS: sum of square; MS: mean square
Note +, Case(s) with leverage of 1.0000: PRESS statistic not defined

3.2.2 Second-Order Polynomial Model Building and Statistical
Analysis

The last quadratic model got from exploratory information for device efficiency in
coded form is appeared in Eq. 1. The ANOVA and f-test of the model represented
by Eq. 1 is appeared in Table 6.

From Table 6, plainly the p-value of the quadratic model is under 0.0001. There-
fore, the model represented by Eq. 1 is highly significant. The significance of the
model is also confirmed by the f-value (1645.34). The f-value of the lack of fit is
5.85 which show the non-significance of lack of fit. Nonsignificant lack of fit of the
model depicts that the model condition was adequate for foreseeing the efficiency
of PSC. The effects of the film (MAPbI3) deposition parameters on efficiency were
investigated. According to Table 6, X1, X2, X3, X2

1, X
2
2, X

2
3, X1X3, and X2X3 are sig-

nificant models for the efficiency of PSC. The experimental data and predicted data
of the PCE of PSC are correlated and it is observed that they are in good agreement
with each other as can be seen in Fig. 9.

Efficiency (%) = 7.34− 0.53X1 − 0.28X2 + 1.03X3 − 1.62X2
1 − 1.22X2

2 + 0.13X2
3 − 0.005X1X2

+ 0.055X1X3 + 0.095X2X3 (1)



406 N. Kumari et al.

Table 6 Analysis of variance (ANOVA) for the fitted quadratic polynomial model

Sources RC f-value p-value

Model 7.34 1645.34 <0.0001 Significant

X1 −0.53 1123.60 <0.0001

X2 −0.27 302.50 <0.0001

X3 1.02 4202.50 <0.0001

X2
1 −0.005 5542.12 <0.0001

X2
2 0.055 3146.33 <0.0001

X2
3 0.095 34.22 0.0006

X1X2 −1.62 0.050 0.8294

X1X3 −1.22 6.05 0.0435

X2X3 0.12 18.05 0.0038

Lack of fit – 5.85 0.0605 Not significant

R2 0.9995

Adj. R2 0.9989

Pred. R2 0.9937

RC: regression coefficient

Fig. 9 Scatter diagrams of predicted response versus actual response for Efficiency of PSC

3.2.3 Impact of Process Variables

The interaction of inputs is shown by three dimensional response surface plots (see
Fig. 10). Figure 10 shows that the efficiency of device increases when precursor
ratio increases from 1:2 to 1:3. A similar type of result is obtained when spin speed
increases from 2000 to 2500 rpm, whereas with an increase in spin speed after
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Fig. 10 Three-dimensional (3D) response surface and contour plot for efficiency of PSC and effect
of a ratio of PbI2 and CH3NH3I (X1) and spin speed (X2); X3 (annealing temperature) = 80 °C,
b ratio of PbI2 and CH3NH3I (X1) and annealing temperature (X3); X2 = 2500 rpm, and c spin
speed (X2) and annealing temperature (X3); X1 = 3.00
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Fig. 11 Ramp graph of desirability function for power conversion efficiency of PSC

2500 rpm, the device efficiency decreases. However, the device efficiency increases
with increasing the annealing temperature. From Fig. 10, it is also clear that the
efficiency of PSC is maximum at the parameters having a combination of 1:2.8 (the
ratio of PbI2:MAI), 2520 rpm (spinning speed) and 100 °C (annealing temperature).
Therefore, this condition was supposed to be an optimum condition.

Further, to justify the optimum condition, desirability of model given by Eq. 1 is
checked by the RSM and the slope chart of attractive quality capacity of the model is
appeared in Fig. 11. FromFig. 11, obviously the attractive quality of themodel at ideal
condition is 1.000 and the estimation of PCE of PSC at this condition anticipated
by the model was 8.52%. To check the exactness of the model, the analysis was
performed at optimum condition and the exploratory estimation of PCE of PSC was
found as 8.39% for device efficiency (see Fig. 12). The distinction among anticipated
and test esteems was less which affirms the legitimacy of the anticipated model.

3.3 Optical and Electrochemical Analysis of PSC

To support our discoveries, facilitate optical property of PSC was analyzed utiliz-
ing UV-visible spectroscopy and photo-luminescence (PL) spectroscopy (Nagane
et al. 2014) as illustrated in Fig. 13. From PL examination, a sharp pinnacle is
seen at 767 nm. The absorption and PL information are plotted in a similar chart to
demonstrate that the observed emission at 767 nm has a tendency to match with the
band edge of the perovskite data (728 nm) (see Fig. 13), which infers the nearness
of not very many deformity states in the band hole. Additionally, electrochemical
impedance spectroscopy measurement (Kim et al. 2013) is employed to analyze the
electrochemical property of PSC and also to justify the PCE enhancement at optimum
condition, as illustrated in Fig. 14. The EIS of PSCs were performed in dark under a
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Fig. 12 Current density–voltage (J–V) curve of PSC prepared at optimum condition (inset: data
obtained from the graph)

Fig. 13 Absorption and PL-spectra of MAPbI3 film at optimum condition

bias voltage of 0.8 V. From Fig. 14, it is clear that the nature of Nyquist plots for all
devices are semicircle in nature. In the equivalent circuit, RCT represents the recom-
bination charge transfer resistance of the cell and R-CPE is the resistance-constant
phase model. The value of RS and RCT are 57.74 � and 750.79 �, respectively, as
obtained from Fig. 14.
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Fig. 14 Nyquist plot (inset: equivalent circuit) of PSC at optimum condition

4 Conclusion

In the present investigation, process parameters for the deposition of MAPbI3 film
were optimized utilizing parametric examination and in addition utilizing RSM. The
process parameters to be optimized were PbI2:CH3NH3I proportion (1:2–1:4), spin
speed (2000–3000 rpm), and annealing temperature (60–100 °C). The parametric
investigation has proposed the ideal condition as an arrangement of forerunner pro-
portion (1:2), spin speed (2000 rpm), and annealing temperature (100 °C). After
optimizing the deposition parameters, prepared MAPbI3 film was effectively con-
nected in PSC manufacture and the device efficiency at this ideal condition was
7.30%. Besides, to accomplish particular ideal condition, RSM was connected to
assess the impact of deposition parameters on the device efficiency. The ideal opti-
mum conditions recommended byRSMwas the arrangement of 1:2.8 (the proportion
of PbI2:MAI), 2520 rpm (spinning speed) and 100 °C (annealing temperature). The
estimation of the efficiency of PSC anticipated by the model at optimum condition
was 8.52% with the desirability quality of 1.000. If there should arise an occurrence
of RSM, efficiency was improved up to 8.52% (16.7% improvement) contrasted with
7.30% utilizing parametric investigation. To check the model precision, the test was
performed at optimum condition. The exploratory estimation of PCE of PSC at opti-
mum condition was found as 8.39%. The test esteems affirm the legitimacy of the
anticipated model.

This research did not receive any specific grant from funding agencies in the
public, commercial, or not-for-profit sectors.
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Application of Nanotechnology
in Diagnosis and Therapeutics

R. Mankamna Kumari, Ritu Goswami and Surendra Nimesh

Abstract The rapid advances in nanotechnology have paved way toward a sustain-
able path by providing innovative solutions with the issues related to ecosystem as
well as human health. In terms of human healthcare and therapy, nanoparticles are
expected to contribute to drug delivery and regenerative medicine with its ability to
target the source of disease with increased efficiency and minimal side effects. Thus
byminiaturizing the drug delivery systems, treatment of several diseases can bemade
possible. Nanomedicine offers several advantages, such as protection of the payload
from degradation in both in vitro and in vivo milieu, facilitation of controlled release
of entrapped drugs, prolonged therapeutic effect, and enhancement of targeted deliv-
ery along with diminished side effects. Nanotechnology has proved to address some
of the problems related to diagnostics, therapeutics, and biomedical aspects. Accord-
ingly, this chapter mainly emphasizes on the evolution of nanoparticles to meet the
challenges relevant to healthcare system.

Keywords Polymeric nanoparticles · Inorganic nanoparticles · Therapeutics and
diagnostics

1 Introduction

In the last few decades, nanotechnology has gained vast attention owing to its unique
and beneficial properties. Nanoparticles (NPs) are colloidal particles within the range
of 10–100 nm, with preferential size range of 200 nm for nanomedical applications
(Biswas et al. 2014). With the increasing complexity in the treatment of serious
ailments, there has been a tremendous advancement to address incurable diseases.
However, most of the medications developed so far comewith severe side effects that
can outweigh the benefits of the drug (Liebler and Guengerich 2005). By applying
nanotechnology, efficient drug delivery systems could be developed. Efficiency of
nano-drug delivery systems largely depends on the size and charge of the particles.
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The small size and large surface area provide enhanced bioavailability and increased
ability to cross the blood-brain barrier and pulmonary system (Kohane 2007). In
addition, the new formulation can give a new life to those drugs in the market that are
unmarketable due to their low solubility and bioavailability along with toxicity and
other side effects. Currently, NPs for drug delivery are synthesized using synthetic or
natural polymers besides inorganic materials, as they can be easily customized and
targeted to the specific site alongwith increased bioavailability and controlled release
of the drug in the physiological system (Onoue et al. 2014). The targeted approach of
drug delivery is mainly achieved by either active or passive route. Passive delivery of
drugs is achieved by the small size of NPs and enhanced permeability retention effect
owing to high vascularization and permeability of solid tumors (Boylan et al. 2012;
Harris et al. 2001). In case of active targeting, ligand grafted NPs are used for its
specific binding to cancer cells (Fig. 1). In addition to drugmolecules, various nucleic
acids have also been explored, such as plasmid DNA, oligonucleotides, miRNA, and
siRNA. The limiting factor for the direct delivery of nucleic acids is its high negative
charge (Elsabahy et al. 2011; Gao et al. 2011; Guo et al. 2010). Thus, to overcome
this barrier, cationic lipids and polymers are employed for the delivery of nucleic
acids owing to their high biocompatibility and biodegradability (Bhavsar et al. 2012;
Xiong et al. 2011).

Fig. 1 Represents the uptake of ligand conjugated nanoparticles by the targeted tumor cells
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The synthesis approach for polymeric NPs differs from that of inorganic NPs.
Several methods are implied for the polymeric nanoparticle synthesis, such as, emul-
sification, solvent evaporation (Pankhurst et al. 2003; Yoneki et al. 2015), nanopre-
cipitation (Crucho and Barros 2015; Tang et al. 2015; Yaméogo 2014), supercritical
antisolvent (Kalani and Yunus 2012; Zhao et al. 2014) and salt precipitation method
(Song et al. 2008). Among these methods, emulsification and solvent evaporation
method are the first to synthesize polymeric particles. These NPs are administered
via threemain routes: oral uptake, direct injection, and inhalation. Upon entering into
the systemic circulation, the NPs interact with the proteins before getting distributed
to various organs. The lymphatic system works to eliminate foreign particles in the
systemic circulation. After filtration process, the fluid containing NPs can be recog-
nized as a foreign material and further engulfed by the macrophage system, thereby
clearing from the physiological system. This major drawback in the distribution of
NPs could be influenced by controlling size and surface properties of the particles.
In general, the efficiency of NPs is enhanced by modulating their surfaces using bio-
compatible materials such as Polyethylene glycol (PEG) and coating with polymers
such as poloxamers and poloxamines. This significantly reduces toxicity and other
issues such as opsonisation and promotes internalization by the cell (Fig. 2) (Masood
et al. 2013; Shah et al. 2010).

The current chapter summarizes the characteristics of nano-drug formulations
along with its several applications in diagnostics as well as therapeutics. Among

Fig. 2 Different pathways for uptake of nanoparticles by the cell
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plethora of polymers and inorganic metals available for synthesis of NPs, poly-
hydroxyalkanoates (PHA), poly-lactide-co-glycolide (PLGA) and cyclodextrins are
widely used for NPs development. On the other hand, silver, gold, carbon nanotubes,
andquantumdots arewidely investigated in thefield of inorganic nanoparticle synthe-
sis for therapeutic process. However, there are certain challenges faced during NPs
development, regarding characterization, safety, and manufacturability. The drugs
would be ineffective if it degrades within NPs or not released in a controlled manner;
this might also lead to toxicity as well as non-specificity. Thus, a complete under-
standing of size, formulation, composition, toxicity, reactivity, and biodegradability
is required to bring nanoformulations to bring it to the clinical level.

2 Characteristics of NPs for Drug Delivery

As discussed earlier, the cellular uptake and pharmacokinetics of the NPs depends
mainly on several characteristics of NPs such as size, shape, surface charge, drug
loading, and release.

2.1 Effect of Size on Drug Delivery

The size of NPs dictates the toxicity, targetability, and distribution of the drugs
(Fig. 3). It has been reported that NPs of size around 100 nm can exhibit 2.5-fold
greater uptake than NPs of size range of 1μm and sixfold greater uptake than 10μm
(Desai et al. 1997). As discussed previously, the major obstacles in drug delivery are
rapid clearance of NPs from circulatory system by mononuclear phagocyte system
and reticuloendothelial system, which can be prevented by tuning the size of NPs.
Also, the size of the NPs has known to influence the cellular uptake by the cells
by changing enthalpic and entropic properties that affect the adhesion properties of
the cellular receptors and NPs (Elias et al. 2013). Other studies also showed size-
dependent uptake. Zhang et al. synthesized ligand coated NPs of size 50 nm that
exhibited efficient uptake. Similarly, mesoporous silica NPs developed in the range
of 50 nm showed highest uptake by the cells. Also, gold NPs at a size range of 50 nm
showed highest uptake in the SKBR-3 cells (Jiang et al. 2008b; Lu et al. 2009; Zhang
et al. 2009). Also, endocytosis requiresmembrane-wrapping process, which becomes
feasible with decreased size of particles. Thus, NPs carrying small number of ligands
on the surface can easily bind to the receptors. It is to be noted that enthalpic limit for
most of the spherical NPs is supposed to be around 30 nm,which indicates that NPs of
size less than this will not drive membrane-wrapping process to permit endocytosis
to occur effectively (Albanese et al. 2012; Yuan et al. 2010; Zhang et al. 2009).
Contrastingly, it was observed that gold NPs coated with Herceptin of size range
between 2 and 100 nm showed good cellular uptake in relative to non-coated NPs.
Besides size of the NPs, other factors affecting the receptor mediated uptake of NPs
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Fig. 3 Represents effect of size on biological properties

are the presence of endosomes andmultivesicular bodies. LargeNPs drive the process
of membrane-wrapping by binding to many receptors. However, the efficiency of NP
uptake is lowered due to larger size (>60 nm) resulting in receptor shortage due to
increase in entropic penalty. Thus, ligand coated NPs of size between 30 and 60 nm
can bind to numerous receptors, thereby enhancing themembrane-wrapping process.
However, the optimal diameter of NPs can vary between applications. In addition
to this, from most of the studies it has been seen that the maximum uptake of NPs
has been in the range of 10–60 nm regardless of its core material or surface charge
(Jiang et al. 2008b; Yuan et al. 2010; Zhang et al. 2009).

2.2 Effect of Shape of NPs on Drug Delivery

Besides size of theNPs, shape also plays a crucial role in biological functions (Fig. 4).
Though most of the NPs are usually spherical in shape, several nanofabrication
methods are capable of synthesizing different shapes of NPs with unique properties
(Huang et al. 2006). In one of the studies, it was revealed that the shape of the particles
could have a profound effect on the biological properties, such as the filomicelles
that are flexible and filamentous micelles built of block copolymer amphiphiles,
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Fig. 4 Represents effect of shape on biological properties and therapeutics

analogous to filovirus and also proplatelets that break up into smaller platelets in
blood stream. Thus, long flexibility and length may contribute to long circulation
with optimal length up to 8 μm. Also paclitaxel loaded filomicelles showed higher
penetration in the tumor stroma that lead to tumor shrinkage and cell apoptosis.
Muzykantov’s group also studied the effect of disk-shaped carriers toward intercel-
lular adhesion molecules and found longer half-lives (Christian et al. 2009; Geng
et al. 2007; Muro et al. 2008; Yoo et al. 2011). Similarly, in another study Decuzzi
and Ferrari’s group investigated the effect of silicon-based particles within diame-
ter 700–3 μm with quasi-hemispherical, cylindrical, and discoidal shapes. From the
studies it was observed that discoidal particles accumulated more efficiently in most
of the organs which could be attributed to its higher rotational inertia and surface of
contact (Decuzzi et al. 2010). In addition to this, other studies have demonstrated
profound effects of shape on phagocytosis as well. Mitragotri’s group showed the
effect of poly-styrene particles of different sizes and shapes on alveolarmacrophages.
They found that the cells attached on the major axis of elliptical disk were internal-
ized efficiently within 3 min while cells that were attached to the flat side of disk
did not internalize the particle. It was discerned that the tangent angles of the point
of attachment of the particles determined its uptake, validated by computational
approaches (Champion and Mitragotri 2006; Lamprecht et al. 1999; Yang and Ma
2010). Rod-shaped particles such as pegylated gold nanorods have reduced clear-
ance with longer circulation time in relative to spherical particles. In this support,
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nanorods synthesized by self-assembly of amphiphilic dendritic polymer-drug con-
jugate showed greater circulation with longer blood clearance kinetics, high-cellular
uptake as well as higher accumulation (Arnida et al. 2011; Zhou et al. 2013). There
are also evidences indicating cylindrical-shaped NPs in contributing to higher cir-
culation times and accumulation in the targeted tissue. For instance, in one of the
published study cylindrical silica NPs were found to get deposited in the liver than
the discoidal silica particles. Similarly amine-modified mesoporous silica nanorods
displayed predominant accumulation in the lungs that the equivalent nanospheres
(Dalhaimer et al. 2003, 2004; Geng et al. 2007).

2.3 Effect of Surface Charge

Zeta potential (ZP) is a scientific term for electrokinetic potential that expresses the
potential difference between the dispersion medium and fluid that is sticking over
the surface of the dispersed particles in the colloidal suspension (Kutscher et al.
2010). This is basically measured by two techniques: microelectrophoresis, which is
based on capturing the images of particles moving around, and the other one is elec-
trophoretic light scattering, that is, based on dynamic light scattering (Kedar et al.
2010; Van Butsele et al. 2009). As discussed in the earlier sections, size and shape
of the NPs play a critical role in drug delivery. However, it has been observed that
negatively charged particles get easily opsonized and cleared by reticuloendothelial
system, mainly mediated by liver and spleen. Thus, variation in the surface charge
of the NPs can potentially aid in binding to the tissues (Chen et al. 2010; Patil et al.
2007; Reis et al. 2006). Cellular surfaces are rich in negatively charged proteogly-
cans that play a part in cellular proliferation, migration, and motility. Thus, NPs with
higher positive surface charge could show enhanced uptake by the cell. A study con-
ducted by Patil et al. showed enhanced uptake of cerium oxide NPs, which had ZP of
−43 mV (Bernfield et al. 1999; Mislick and Baldeschwieler 1996). Whereas parti-
cles with less negative or positive charge did not show efficient uptake by the cells.
The uptake was highly pronounced due to electrostatic interactions. Interestingly, in
another study it was observed that NPs with lesser surface charge also showed uptake
by adsorption of negatively chargedmolecules on the cationic sites in the formof clus-
ters. However, surface modification of NPs can alter the behavior of cellular uptake,
as in case of histidine substituted amino group of glycol chitosan self-assembledNPs.
Due to strong cationic nature of histidine at acidic pH, it is capable of interacting with
the endosomal membrane and its destabilization. Accordingly, the delivery of drugs
becomes convenient in case of cancer cells as well. Cancer cell surfaces are usually
negatively charged and acid-outside plasma pH gradients. This mediates stronger
interactions between cationic NPs and tumor tissues responsible for increased tumor
accumulation. This strategy is known as passive targeting or enhanced permeability
retention effect (EPR), where particle size along with the surface charge and stability
of the particles are known to contribute to the tumor accumulation (Park 2006; Sta-
ples et al. 2006). In similar to drug delivery through parenteral route, drug delivery
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through skin also follows the same principle. Cationic compounds can easily pene-
trate through the skin as the skin carries negative surface charge due to the presence
of phosphotidylcholine and carbohydrates. Thus, nanoemulsions with phytosphin-
gosine were able to effectively deliver fludrocortisones’ acetate and flumethasone
through the porcine skin than those of negatively charged ones (Chang et al. 2006;
Hoeller et al. 2009; Staples et al. 2006).

3 Polymeric Nanoparticles and Its Role in Therapeutics
and Diagnostics

3.1 Chitosan

Chitosan is a heteropolymer made of N-acetyl glucosamine and D-glucosamine sub-
units which is derived from naturally available polymer, chitin by N-deacetylation
process (Kumar 2000). This is an extensively studied polymer that is water-soluble in
nature, along with high biocompatibility, biodegradability, hydrophilicity, and other
protective properties (Gazori et al. 2009). Besides, numerous other polymers have
been implemented for the purpose of drug delivery. However, insoluble polymers
used for nanoformulationmake use of organic solvents; heat and high shear force that
could possibly affect the inherent properties of drugs or therapeutic molecules. Every
polymer depending on its constituents exhibits specific physicochemical properties
such as charge, lipophilicity, solubility, and particle size (Dobrovolskaia andMcNeil
2007; Fischer and Chan 2007; Gazori et al. 2009). Henceforth, the physicochemical
factors can potentially affect the pharmacological property as well as the biocompat-
ibility of the polymer. To overcome the biocompatibility issues, surface modification
of the NPs with hydrophilic polymers is one of the strategies to prevent opsoni-
sation by improving the surface properties of the NPs in the physiological milieu
(Naahidi et al. 2013). Further, several chitosan derivatives were developed such as
trimethyl chitosan (Chen et al. 2008a), thiolated chitosan, chitosan esters and conju-
gates to improve the pharmaceutical efficiency of the polymer (Bernkop-Schnürch
et al. 2003) and have been implemented for mucosal, anticancer, and antimicrobial
delivery. Chitosan, with its mucoadhesive property has been implemented for the
intranasal delivery of drugs such as olanzapine and didanosine to increase its sys-
temic bioavailability (Al-Ghananeem et al. 2010; Baltzley et al. 2014). It is well
known that the current anticancer drugs have marked its promising benefits in cancer
therapeutics. However, these drugs also pose deleterious side effects. Chitosan NPs
were widely studied to deliver several anticancer drugs including methotrexate, cur-
cumin, doxorubicin, and docetaxel. It was observed that chitosan NPs were able to
release 50% of methotrexate loaded within 48 h. Doxorubicin loaded NPs were able
to release the drug into the cell in its active form. Also, the toxicity of docetaxel was
significantly reduced in relative to free drug, with reduction in tumor volume of mice
(Anitha et al. 2012; Hwang et al. 2008; Janes et al. 2001; Yang et al. 2008). Further,
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antimicrobial drugs such as rifampicin, amphotericin B, and amoxicillin have been
extensively utilized for controlled and sustained release of drug to the targeted site
and increasing the patient compliance in infectious diseases (Dube et al. 2014; Jain
et al. 2014; Lin et al. 2013). Chitosan, nontoxic, low eye irritation, sustained release,
mucoadhesive, in situ gelling, transfection, and permeation enhancing properties aid
its application in ocular delivery of drugs such as indomethacin and pilocarpine. It
was observed that the drug level significantly increased in the anterior segment of
the eye and vitreous in relative to indomethacin eye drops. Pilocarpine formulations
showed increased sustained release and therapeutic efficacy (Calvo et al. 1996, 1997;
Kao et al. 2006; Lin et al. 2007).

3.2 Poly (Lactic-co-Glycolic Acid)

PLGA is a copolymer of lactic acid and glycolic acid, which is currently considered
as the best biomaterial for drug delivery. The poly-lactic acid and poly-glycolic acid
are basically synthesized in a fixed ratio (Makadia and Siegel 2011). It is synthesized
by ring-opening copolymerization of monomers, lactic acid, and glycolic acid via
ester linkages. PLGA are present in various forms, depending on the ratio of lac-
tide and glycolide (PLGA (50:50) and PLGA (75:25)). Consequently, the ratio of
monomers affects the properties of the polymer. Low molecular weight of the poly-
mer with high-glycolide content display more hydrophilicity, amorphous nature, and
less deterioration time. This can be attributed to the hydrophic nature of glycolide.
In contrast, polymer with high-lactide content shows more hydrophocity and higher
deterioration rate due to less water absorption (Danhier et al. 2012; Prokop and
Davidson 2008; Schliecker et al. 2003). Further, physical properties such as molecu-
lar weight, polydispersity index, Tg, and degree of crystallinity have a profound effect
on swelling behavior, biodegradation rate, and mechanical strength of the polymer
(Siegel et al. 2006). The unique properties have allowed the polymer application
in drug delivery owing to its controlled drug release from weeks to months. The
hydrolysed products: lactic acid and glycolic acid are further metabolized into CO2

and H2O via Krebs cycle. Thus, PLGA is a widely explored polymer for the purpose
of drug delivery (Acharya and Sahoo 2011).

In order to serve as a drug delivery vehicle, the polymeric NPs are required to
persist in systemic circulation for a prolonged duration. However, clearance of NPs
through reticuloendothelial system (RES) remains to be one of the most challenging
problems in the development of drug delivery system (Danhier et al. 2012; Kumari
et al. 2010). The clearance of NPs is mainly mediated by binding of opsonin pro-
teins in the blood serum, where the particles are engulfed by phagocytosis. Thus,
despite all the beneficial properties, PLGA NPs are prone to renal clearance (Jain
et al. 2011). To overcome this trouble, the NPs are subjected to surface modification
using hydrophilic molecules to prevent rapid clearance from the body (Jeong et al.
2001). Hydrophilic polymeric nanoparticles have longer retention time in compari-
son to hydrophobic molecules. Therefore, PLGAwere derivatized using hydrophilic
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polymers and ionic surfactants such as polyethylene glycol (PEG) and polysorbate
20, 40, 60, and 80, respectively.

Cancer cells, unlike the normal cells have the ability to over-proliferate and over-
express cell surface receptors. Utilizing this property of overexpression of the cell
surface receptors NPs decorated with ligands could be implemented for the deliv-
ery of therapeutic molecules. The receptors mediate the uptake of the molecules via
receptormediated endocytosis (Jain et al. 2011). This phenomenon is known as active
targeting. Although, the modified nanoformulations have improved targetability and
bioavailability, it is still a challenge to get sufficient amount of NPs around the target
region. There are several ligands that are employed for targeted delivery, such as
folic acid, transferrin, and biotin, including different polysaccharides and peptides.
For example, folate receptors are highly expressed in breast, ovarian, lung, uterine,
head and neck cancer. For this purpose, folic acid is used, which has 30 times more
affinity than any other folate derivatives. The particles are then taken up by the cell
by receptor-mediated endocytosis (Narayanan et al. 2010; Zhao et al. 2008). Simi-
larly, transferrin receptors are overexpressed in glioblastoma which makes them an
attractive target for the use of transferrin as ligand molecules. It was noted that trans-
ferrin was highly expressed during malignancy due to higher requirement of DNA
synthesis for the proliferation of cells (Tortorella and Karagiannis 2014).

Besides its role in cancer therapeutics, PLGA nanoparticles are also implemented
for the treatment of other diseases including inflammatory diseases, neurodegenera-
tive and infectious diseases.Gastrointestinal tract (GI) is known tobe a complexorgan
performing diverse functions such as digestion, absorption, and excretion. One of the
commonly prevailing diseases, inflammatory bowel disease (IBD) severely affects
any part of the GI tract causing improper functioning. The commonly used drugs for
its treatment are 5-aminosalicylic acid (5-ASA) orMesalamine and immunosuppres-
sive agents. However, the cure of the nanoparticles depends mainly on the intensity
of the disease and gives symptomatic relief. The disadvantages were overcome by
using nanoparticles via rectal administration. This showed higher bioavailability
and treatment efficacy (IBD). In another study, fluoromethalone loaded PLGA NPs
were developed for the treatment of inflammatory disease of eye. The formulation
showed ocular tolerance, anti-inflammatory efficacy and bioavailability. Further, it
showed greater penetration toward vitreous and higher anti-inflammatory effects
(Gonzalez-Pizarro et al. 2018).

Another group of diseases include neurodegenerative diseases characterized by
persistent loss of neuronal activity, which includes Alzheimers (AD) and Parkinsons
disease (PD). The prevalence of the disease has increased exponentially in the last
years. Their pathogenesis is mainly characterized by accumulation and aggregation
of proteins along with alterations and disturbances in tissue homeostasis (Farlow
2001; Kabanov and Gendelman 2007; Sahni et al. 2011; Tosi 2011). FDA approved
drugs: galantamine hydrobromide and memantine (MEM) are commonly prescribed
according to the degree and intensity of the disease. However, these formulations lack
efficacy. Galantamine loaded polymeric nanoparticles were synthesized to overcome
the disadvantages and were found to have less cytotoxicity at therapeutic dosage.
Similarly, in another study, MEM-PEG-PLGA NPs were synthesized against brain
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cell lines (bEnd.3 and astrocytes). The nanoformulation was tested both in vitro
and in vivo. Results showed reduced β-amyloid plaques and inflammation of AD
(Sánchez-López et al. 2018). With the increasing use of phytochemicals, curcumin
was also utilized for the treatment of AD (Fan et al. 2018).

3.3 Polyethylenimine

Polyethylenimine is a polycationic molecule, that occur in the form of branched
(with primary, secondary, and tertiary amines) or linear isomers (lPEI). The polymer
has emerged as a favorable vector for the delivery of nucleic acids (NA) at low cost.
Branched PEI (bPEI) was first introduced in the year 1995. It soon flourished as a
promising vector for transfection studies using oligonucleotides (Bandyopadhyay
et al. 1999), plasmids (Liu et al. 2009), and ribozymes (Aigner et al. 2002). bPEI
and lPEI behave differently in terms of DNA compactability (Boussif et al. 1995),
nuclear uptake (Brunner et al. 2000, 2002), and biological performance (Wightman
et al. 2001). For example BPEI forms a stable and smaller sized NPs with more
transfectability, whereas lPEI forms NPs of size near micrometer range with more
tendency to form aggregation (Goula et al. 1998; Wightman et al. 2001). However,
lPEI is known to be less toxic that was seen to exhibit tenfold higher expression of
luciferase activity upon nasal instillation in mice (Grosse et al. 2008). The difference
in the behavior of bPEI and lPEI could be attributed to the polyplex preparation,
administration routes, and other conditions. In addition, nanocomplexes could be
delivered by utilizing targeting ligands as discussed in the earlier sections. In one of
the studies, hyaluronic acid (HA)-PEI (HA-PEI) conjugate was used for the delivery
of siRNA complexes to B16F1 cells expressing hyaluronan receptor-1 (LYVE-1).
This showed higher luciferase activity in relative to non-LYVE-1 expressing cell
lines (Jiang et al. 2008a). PEGylation of PEI NPs also proved to be beneficial with
reduced drawbacks. Unmodified PEI NPs carrying NA shows less efficacy in vivo
conditions. This could be attributed to its interaction with serum proteins such as
albumin, fibrinogen, IgD, IgM, apolipoproeins, and components of compliment sys-
tem (Ahn et al. 2002; Nguyen et al. 2000; Plank et al. 1996; Tang et al. 2003). The
polyplexes get cleared by reticuloendothelial system. Thereby, reducing its plasma
circulation life. PEGylation subsequently increased the solubility, blood circulation
time, and decreased aggregation as well as macrophage capture (Kichler et al. 2002;
Sung et al. 2003; Vonarbourg et al. 2006). Furthermore, PEG could be conjugated to
specific ligands to improve its cellular uptake and targetability. In one of the stud-
ies, Chen et al. synthesized galactose-PEG-bPEI copolymers that exhibited 4.5–11.6
fold increase in the transfection efficiency in A549 cell line and in mice, respec-
tively, in relative to conventional bPEI/DNA complexes (Chen et al. 2008b). Peptide
conjugated PEG-PEI NPs are also being used as a targeting ligand. Kleeman et al.
synthesized peptide-conjugated bPEI (25KDa) via hetero-bifunctional PEG spacer
(Kleemann et al. 2005). Overall, it was observed that acid-labile linkages of lig-
and and PEG displayed enhanced improvement of PEGylated vectors. In addition to
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PEGylation several other modifications and substitutions of PEI have been investi-
gated. PLGA incorporated PEI NPs not only showed better in vivo transfection but
also proved to be a suitable vector for DNA vaccination (Bivas-Benita et al. 2009;
Chumakova et al. 2008). In a recent study, lPEI was substituted by hydroxyethyl with
a degree of substitution varying from 15% to 45%. It was observed that even after the
loss of ionizable amines, there was a subsequent increase in pH-independent solu-
bility and buffering capacity. Further, it reduced erythrocyte aggregation, hemolytic
potential, in vitro cytotoxicity, and efficient mRNA knockdown (Patil et al. 2018).
Multidrug resistance is another common trouble faced in the field of cancer therapeu-
tics. This phenomenon is mediated by the overexpression of P-glycoproteins (P-gp)
that plays an important role in resistance to chemotherapy. This plasma membrane
glycoprotein causes efflux ofmajor chemotherapeutic drugs such as vinblastine, dox-
orubin, and paclitaxel (Perez 2009; Riordan et al. 1985;Wind and Holen 2011). P-gp
inhibitors are commonly employed to circumvent the problem; however, they are
associated with certain side effects such as toxicity, off target distribution and other
pharmacokinetic interactions. In a study, phospholipid modified PLGANPs carrying
siRNA against P-gp was introduced in breast cancer. First, DOPE-PEI nanocarriers
with PEG coating was introduced in breast tumor model that showed 8% injected
dose accumulation in the tumor owing to its property of enhanced permeability reten-
tion effect (EPR). In the second experiment, DOPE-PEI/siRNA along with Doxoru-
bicin showed decreased tumor volume by threefold versus control with specific P-gp
downregulation (Essex et al. 2015). In a similar type of study, siRNA was targeted
against Multidrug resistance-associated protein 1 (MRP1) via PEI capped porous
silica NPs. The nanoformulation showed optimized release profile and proved to
be biocompatible, better cellular uptake, and effective knockdown of MRP1. With
these, there was a profound decrease in the reduction of glioblastoma multifome
(GBM) proliferation. The formulation also displayed positive result in mice with
significant 82% reduction in the protein level 48 h post injection. In addition, there
was no histopathological signs of acute damage in the organs (Tong et al. 2018).
The miRNAs also have a role in cancer. To inhibit its activity, short seed-directed
LNA oligonucleotides (12- or 14-mer antiseeds) were introduced for miRNA inhi-
bition. It was observed that miRNA against miR-17-5p and miR-20a downregulated
the expression of p21 expression than any other miRNA hairpin inhibitors (Thomas
et al. 2012).

3.4 Dendrimers

Dendrimers are polymers possessing a core connected to polymer branches, where
different molecules are conjugated at its terminals. It is inherently hydrophilic
that makes it a good candidate for the delivery of therapeutic molecules includ-
ing hydrophobic drugs. The small size of polymer (<15 nm) further makes it a
suitable candidate for its delivery into tumour through EPR effect. Polyamidoamine
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(PAMAM) is themost vividly used dendrimer that is highly biocompatible andwater-
soluble. In one of the studies, itwas reported that hydrophobicmolecules can be easily
attached at the terminal ends or entrapped in the middle of the polymer. Further, in
another study it was found that in the presence of dendrimers, thewater insoluble ace-
clofenacwas able to easily solubilize upon increasing the pHof the solution. Thiswas
attributed to the fact that the terminal groups of dendrimers reacted with the carboxyl
group of aceclofenac (Patel et al. 2011). Similarly different drugs are being used for
its delivery in vitro for the treatment of several diseases including inflammatory dis-
ease, cancer, and infectious diseases. Inflammatory diseases such as arthritis, acute
lung inflammation, and retinal degeneration are widely investigated fields. Folate
(FA) and methotrexate (MTX) conjugated dendrimer (G5-FA-MTX) were used in a
study to ameliorate collagen-induced arthritis in a rat model. The cellular uptake was
mediated by receptor-mediated endocytosis and there was significant decrease in the
ankle swelling, paw volume, cartilage damage, and bone resorption (Thomas et al.
2011). Similarly, in another study azabisphosphonate (ABP)-capped dendrimer was
used for the treatment of rheumatoid arthritis in a mice model. The outcome showed
positive results characterized by normal synovial membranes, reduced inflamma-
tory cytokines, and absence of cartilage destruction as well as erosion. The study
showed promising role of dendrimers in rheumatoid arthritis (Hayder et al. 2011).
Another group of disease described in the earlier sections is cancer. Dendrimers have
also been investigated for the delivery of anticancer agents such as cisplatin and dox-
orubicin. The dendrimer-platinate (Pt) conjugate showed selective accumulation in
the tumor tissue via EPR effect with a 50-fold increase in the area under the curve
in relative to free cisplatin. Also, the dendrimer-Pt showed less toxicity (Malik et al.
1999). A commonly used anticancer drug such as doxorubicin was also formulated
with dendrimer. PEGylated polylysine dendrimers with 50% surface conjugation
of doxorubicin through acid-labile 4-hydrazinosulfonyl benzoic acid linker showed
efficient antitumor efficacy in walker 256 rat tumor model and humanMDA-MB231
xenograft in mice. A direct comparison was made with liposomal formulation that
showed reduction in the tumor proliferation >75% in the doses ranging between 2
and 10 mg/Kg with a better tolerance in both the rats (Kaminskas et al. 2012). Infec-
tious diseases such as those induced by E. coli and HIV are also investigated for its
treatment using dendrimer. The study showed the in vivo antimicrobial efficacy of
PAMAM dendrimers and its mechanism. It was observed that upon cervical admin-
istration generation-4 neutral dendrimer (G(4)-PAMAM-OH) showed considerable
effect on the E.coli induced uterine infection in Guinea pig model with chorioam-
nionitis. The collection of amniotic fluid after treatment showed decrease in the
number of E.coli. The possible antibacterial mechanism proposed was its ability to
bind to the polyanionic lipopolysaccharide or formation of hydrogen bonds with the
O-antigens of E.coli. Further, third mechanism could be its ability to chelate divalent
ions in outer cell membrane. It is to be noted that this was the first study showing
G(4)-PAMAM-OH dendrimer as an antibacterial agent (Wang et al. 2010). Similarly,
SPL7013 Gel (VivaGel(®)), a microbicide was developed for prevention of HIV and
HSV. The study showed potential antiviral activity with vaginal administration of
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3% SPL7013 gel in healthy women. Also, the antiviral activity was tested in the
presence of seminal plasma (Price et al. 2011).

4 Inorganic Nanoparticles in Therapeutics and Diagnostics

4.1 Gold Nanoparticles

The nobel metal NPs are the most notable types of nanoparticle among all. Among
the available nobel metal NPs, gold NPs (AuNPs) are an important component for
the biomedical applications. To enhance the biological activity and targetability of
NPs, AuNPs are readily conjugated with antibodies or oligonucleotides for the detec-
tion of target biomolecules. The transportation of therapeutic agents to the cells by
using AuNPs is a critical approach in biomedical treatment. Therapeutics can be
transported into the cells either by active or passive ways. The passive way of trans-
portation relies on the enhanced permeability and retention (EPR) effect where the
gold NPs accumulate in the tumor due to the irregular vasculature (Huang et al.
2007). The active way involves specificity and selectivity for the target analyte by
explicitly designed surface functional ligands. Many therapeutic applications have
been developed including photothermal therapy, genetic regulation, and drug treat-
ment by using AuNPs for effective targeting and delivery. AuNPs have been found
attractive for the formation of transfection agents in gene therapy for the cure of
cancer and genetic disorders, where the RNA-AuNPs conjugates used knockdown
expression gene in various gene therapies.

Gold NPs are also availed for the drug encapsulation through hydrophobic or
hydrophilic pockets generated by the monolayer of polymers such as polyethylene
glycol (PEG). Recently, Burda et al. used PEG-coated AuNPs for the encapsulation
of cancer treatment drug. The PEG coating provides the amphiphilic environment
for capturing hydrophobic silicon phthalocynanin (PC), photo dynamic therapy drug.
The results showed that the releasing of drug was through passive accumulation and
the PC 4-AuNPs conjugates delivered drugs quickly and penetrated deep inside the
tumorswithin hours.Also,AuNPs are used in clinical diagnosis of cancer,Alzheimer,
HIV, hepatitis B, and tuberculosis (Wilson 2008).

Besides, AuNPs are also used for metabolic disorders such as Diabetes melli-
tus (type-I). It is a metabolic disorder that features high blood sugar levels over a
prolonged time period. It is caused by the destruction of insulin secreting beta cells
of the pancreatic islets of Langerhans affecting over 0.3% of the world’s population
every year. Gold NPs are used as potent carriers for the transmucosal insulin delivery.
In normal human beings, pancreatic insulin is released as a process of burst in the
first phase, followed by the gradual increasing release of insulin for several hours.
In the postprandial hyperglycemia (PPHG), there is a loss of insulin secretion in
this first phase, which leads to reduced suppression of hepatic glucose production
causing higher glucose levels in the blood. So, one is required to provide this initial
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phase to treat PPHG (Joshi et al. 2006). Current dosage of insulin comprises four
subcutaneous injections per day, which only reduce the serum glucose levels. This
therapeutic regimen fails to deliver the insulin in physiological pattern. Insulin is
injected from outside in proper dosage. Oral administration of insulin is a challenge
due to gastric enzymes which are potent to degrade the insulin. AuNPs are biocom-
patible and nontoxic in nature hence insulin is loaded on the gold NPs. This gives a
sustained release of insulin in the body and helps in the treatment of PPHG.

AuNPs are used as the labels in diagnostics and detection. They are extensively
used in the lateral flow devices and immunoassays. Lateral flow devices are very
popular among the user stem because of its low cost manufacturing and simplicity
that allows nonspecialized users to perform complicated tests easily. It is formed of
white porous membrane striped with a line of antibodies or antigen and interfaced
with antibodies conjugated with labels which are generally of gold nanoparticles that
is used for the detection of low molecular weight targets (Wilson 2008). AuNP have
a tremendous use in “bio-barcode assay”. This ultrasensitive assay is vigorously used
for detecting target proteins and nucleic acids. The principle of “Bio-barcode assay”
utilizes conjugated gold NPs with two barcodes oligonucleotides and target specific
antibodies and magnetic micro-nanoparticles functionalized with monoclonal anti-
bodies. A large amount of barcode oligonucleotides are released upon detection of
target molecule. It provides identification and quantification of the target molecules.
Prostate-specific antigen (PSA) can be detected by this method with the detection
limit of 330 fg/ml given by Mirkin et al. (Wilson 2008).

There is a passive role of AuNPs in the imaging and detection but it has an active
role in sensing. It is preferentially used in the optical sensors. The surface Plasmon
resonance of the gold NPs is greatly helpful in optical sensors. There is a dramatic
influence of inter-AuNPs distance on the Plasmon resonance, when this distance is
reduced to less than the AuNPs diameter; it is the important factor in the sensor appli-
cation of the AuNPs. The biological analyte linked with AuNPs results in the color
change that makes the basis of the sensing. This principle is pioneered by Leuvering.
Its sensitivity has been improved by using hyper-Rayleigh scattering, a differential
light-scattering spectroscopy (DLSS) (Boisselier and Astruc 2009). These are exten-
sively utilized in electrochemical biosensors. In electrochemical bioassays, AuNPs
are used to connect the enzymes to the electrode surfaces. Theymediate electrochem-
ical reactions as the redox catalyst andhelps in amplification of recognition signals for
biological processes. A wire of gold NPs is formed which connects the electrode and
the reaction center in the enzyme. The conducting tunnel of AuNPs serves in electron
transferring. Thus, the NPs attached to enzymes, for example, glucose oxidase acts as
the nanoelectrodes so that the turnover rate of electrons transferred can reach to 5000
which is seven times higher turnover rate of electron transfer from the active site of
glucose oxidase to oxygen (Boisselier and Astruc 2009). Example for immunosensor
is hepatitis B surface antigen determination kit. It carries multilayer films of nega-
tively charged AuNPs/positively charged tris(2,2́-bipyridyl)cobalt(III) assembled on
platinum electrode surface covered with a layer of plasma-polymerized Nafion film.
DNA electrochemical sensing contains AuNPs modified with thiol-functionalized
oligonucleotides submitted to hybridization of the target DNA sequence. The basic
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concept of this assay relies on the release of AuNPs by oxidative metal dissolution
and indirect determination of the HBr solubilized Au(III) ions by anodic stripping
voltammetry. HBr/Br2 is highly toxic in nature. So to avoid it, direct electrochemical
detection tags were developed (Boisselier and Astruc 2009).

Furthermore, AuNPs are implemented as new contrasting agents formagnetic res-
onance imaging (MRI). Here AuNPs work as the templating carriers for the gadolin-
ium chelates that are currently used in the clinical diagnosis. The sensitivity of MRI
is increased by using the AuNPs along with iron oxide. The gold shell of the particle
provides the optical properties and the core of iron oxide will give magnetism (Bois-
selier and Astruc 2009). In addition, these particles possess an excellent property of
fluorescence. This behavior of gold nanoparticle is vitally used in the fluorescence
correlation spectroscopy (FCS) and fluorescence microscopy. The fluorescence of
AuNPs carries the eminent behavior of anti-photobleaching under strong light illu-
mination. It gives a new cell imaging method. The cells are stained with AuNPs and
illuminated under strong light. The florescence of AuNPs on the cell membrane and
inside the cell is collected for the cell imaging.

Forensic researchers are making continuous efforts for enhancing the methods for
detecting finger prints. Saunders introduced the use of AuNPs in detection of finger-
print and later Schnetz and Margots improved the idea. The colloidal of AuNPs of
low pH is used for getting fingerprint present on the substrate. It acts by the mecha-
nism of electrostatic attraction as when the substrate with fingerprint is immersed in
the colloidal gold, the particles start bounding to print and later the bound particles
are enhanced by catalytic deposition of metallic silver (Wilson 2008).

4.2 Silver Nanopartcles

The widespread use of silver NPs in various fields, including medical, food, health
care, and industrial purposes are due to their unique chemical and physical properties.
Silver NPs have capability of cellular imaging in vivo. It is widely investigated in
studying inflammation, tumors, immune response, and the effect of stem cells. The
contrast agents are conjugated or encapsulated to NPs by modifying the surface and
bioconjugation of NPs. Due to its stronger and sharper Plasmon resonance, Ag plays
an important role in imaging. Earlier nanosilver along with vanadium oxide were
used for enhancement of battery performance in next generation active implantable
medical devices (Etheridge et al. 2013; Zhang et al. 2016).

Recently silver-based biosensors are designed for the clinical detention of serum
P53 in head and neck squamous cell carcinomas. This can easily locate the cancer
cells and can absorb the light and destroy the targeted cancer cells selectively by
photothermal therapy. Silver NPs have potential usage in cancer diagnostics and
treatments. It can cause apoptosis in the cancer cells. Asharani et al. studied human
lung cells IMR-90 and brain cancer cells U251 (AshaRani et al. 2008; Zhang et al.
2016). They observed that there were cytosolic proteins attached on the surface of
the silver NPs and this may influence the function of intracellular factors which are
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involved in certain gene expression and functioning of pro inflammatory cytokines.
Autophagy is another anti-cancer mechanism followed by AgNPs. It causes critical
cellular damage by NPs and elevated autophagy promotes cell death (Zhang et al.
2016).

Silver NPs are frequently used in antiseptic creams due to its wound healing
properties. It also shows a broad biocidial activity against the microorganisms by
disrupting their unicellular membrane thus disrupting their enzymatic activities. The
antimicrobial activity of AgNPs is very beneficial. They act on bacteria by forming
pits in the cellular membrane of the microorganism. This causes structural changes
and increases membrane permeability and cell death. Another proposed mechanism
of cell death is the formation of free radicals by the silver NPs. The electron spin
resonance spectroscopy studies suggest that free radicals formed by the AgNPs have
the ability to damage the cell membrane and make it porous which ultimately leads
to death of bacteria (Zhang et al. 2016).

The biosynthesized silver NPs are also utilized for the localization of drug
molecules inside the cell. They are identified by bright red florescence. Nano silver
helps in bioimaging because of its plasmonic properties. It replaces the fluorescent
dyes and do not undergo photobleaching. The plasmonic nature of nanosilver can
also be used to destroy the unwanted cells (Zhang et al. 2016).

Nowadays, clinical diagnostics strongly rely on the identification of biomarker
proteins for disease characterization. The antigens and antibodies are used for molec-
ular recognition in protein biosensening. The metal NPs helps in enhancing the
signals in protein detection schemes (Zhang et al. 2016). It is beneficial using the
nanostructures in drug delivery systems. Silver NPs are efficient in gastrointestinal
delivery of the anti-inflammation drugs.

Another promising advantage of silver NPs in the area of therapeutics is in forma-
tion of silver-impregnated catheters. Central venous catheters (CVCs) are regularly
used in the hospitals. It has potential infective complications especially, catheters-
related bloodstream infections. So to avoid these types of infections antibiotic-
impregnated catheters were used. But the problem with antibiotic-impregnated
catheters was that it can eventually lead to bacterial resistance. Now a new gen-
eration of silver-impregnated catheters has replaced the antibiotic ones. It is based
on the use of inorganic silver powder, on which silver ions are bonded with an inert
ceramic zeolite. In the comparative studies between silver-impregnated catheters and
other catheters it was observed that there were lower bloodstream infections in case
of silver-impregnated catheters. There was significantly lower colonization rate in
the silver-impregnated CVCs (Wong and Liu 2010). The tip colonization of coagu-
lase negative staphylococci was also less in them. Hence all these properties of these
catheters made them used increasingly in the medical field. Ventricular drainage
catheters are used in the intensive care patients of acute occlusive hydrocephalus.
But the complication with this is the bacterial colonization due to external cere-
brospinal fluid (CSF) drainage, resulting in ventriculomeningitis and encephalitis.
The silver-impregnated ventricular catheters were the important finding for the neu-
rological and neurosurgical patients requiring external CSF drainage. The scientists
observed that the CSF cultures performed at least three times a week showed 25%
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more positive cultures in the control groups compared to 0% in the treatment group
using silver catheters. Now it is extensively used in the treatment of diseases (Wong
and Liu 2010).

Arthritic disease is very common in population. Themajor symptomof this disease
is joint pain and swelling. The treatment for many types of arthritis involves artificial
joint replacements.

There is a high risk of bacterial infection in the bone cements such as poly-
methylmetacrylate when inserted into the human body. Hence, an increasing number
of joint infections with multi resistance bacteria are very problematic. Nanosilver
came as a boon to overcome this problem. Bone cements loaded with nanosilver
have shown high antibacterial activity against multiple strains such as methicilin-
resistance staphylococcus aureus (MRSA) and also it does not show any cytotoxicity
to osteoblasts grown in vitro. Nanosilver is also used in joint inserts. Earlier the joint
inserts were made up of ultra-high molecular weight polyethylene (UHMWPE). The
major drawback with longevity of UHMWPE is wear and containment of debris
generation, which can activate the macrophages that cause inflammation and even-
tual failure of the inserts in the joints. Incorporation of silver NPs demonstrated
both physical and chemical stabilization of the polymer surface layer toward friction
oxidation and degradation. Hence, the use of nanosilver greatly reduces the debris
formation and at the same time enhances the biocompatibility and antimicrobial
activity of UHMWPE (Wong and Liu 2010).

There is a wide use of surgical mesh in bridging large wounds as well as rein-
forcements to tissue repair. However, being foreign material for the human body
they do carry a risk of infection. It has been observed through data collected that
one million nosocomial infections are seen each year in the patients with prosthetic
implanted materials. The recent studies showed that silver NPs polypropylene mesh
have significant advantages over the regularly used surgicalmesh. The silver nanopar-
ticle polypropylene has remarkable bactericidal efficacy against S. aureus. Another
notable property of silver nanoparticle is that they can diffuse off the mesh and have
sustained activity (Wong and Liu 2010).

4.3 Carbon Nanotubes

Carbon NPs (CNTs) are the cylindrical nanostructure of carbon’s allotrophes. These
cylindrical carbon nanostructures have unique electrical and optical properties which
are very beneficial in nanotechnology and other medical technologies. These basi-
cally consist of carbon atomsarranged in a series of condensedbenzene rings rolledup
into the tubular structure. They own extraordinary thermal conductivity and mechan-
ical properties. There are different types of carbon nanotubes single, double, triple,
and multi-walled.

Carbon nanotubes have immense role in diagnostics and therapeutics. It is used
in various biomedical applications. Absence of acute toxicity, rapid renal clearance,
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and relatively long circulation time also makes carbon nanotubes an attractive diag-
nostic and therapeutic nanodevices. The existing anticancer drugs are potent small
molecules, but they are restricted in terms of efficiency as they are toxic systemically
and have a narrow therapeutic window. Drug resistance and limited cellular entry are
another major limitation of the cancer drugs. Carbon nanotubes have shown great
results in cancer drug delivery system (Panchapakesan et al. 2005). It is capable of
crossing the biological barriers independently of the cell type they interact with and
the functional groups at their surface. It provides large surface areas for the multiple
attachments of the targeting drug which is very advantageous over the existing deliv-
ery vectors. Carbon nanotubes conjugates such as CNT-methotrexate developed by
Pastorin et al. (linked themwith covalent linkages), are efficient in drug delivery. The
nature of covalent bonds between CNT and small molecules affects the efficiency of
the drug. Scientists have explored that non-covalent multi-walled carbon nanotubes
(MWNTs) are also efficient for the cancer drug delivery. In a study it was observed
that at certain mass ratio of drug andMWNTs have capability of killing human breast
cancer cells (Ali-Boucetta et al. 2008). The functionalized CNTs are also used as
the nucleic acids delivery vectors. The selective targeting to the tumor cells can also
be possible through nanoscale CNTs. The soluble nanoscale CNTs are modified by
attaching specific antibodies on the surface. These antibodies help in targeting the
tumor cells (Panchapakesan et al. 2005).

Carbon nanotubes exhibits great potential in enhancing the antitumor
immunotherapies.Cancer cells have various properties. They easily escape the body’s
immune response system and develop resistance against it. Antitumor immunother-
apies are implied for the cancer treatment that can become more efficient (Meng
et al. 2008). There are various antitumor immunotherapies that involve tumor cell
vaccines made of inactivated cancer cells, dendritic cells that have been exposed to
tumor antigens or cytokines that modulates the immune functions. Here, the remark-
able property ofCNTs is byusing it as transporters for bioactivemolecules. TheCNTs
conjugated with tumor cell lysate proteins show enhancement of specific antitumor
immune response (Meng et al. 2008).

Single-wall carbon nanotube (SWCNT) are potent therapeutic nanobomb agents
for killing breast cancer cells (Panchapakesan et al. 2005). Theworking phenomenon
of nanobombs is the thermal-energy-confinement in SWCNTbundles and subsequent
vapourization of liquids between SWCNT in bundles that creates pressure followed
by eventual explosion. This system works in a host of different liquids such as
alcohols, deionized water, and phosphate buffered saline system. The cancer cells
can be completely explored by using potent nanobombs. These SWCNT are hydrated
in sheets and co-localized in the cancer cells. Thismethod causesminimum collateral
damage to the neighboring cells. The optimal thermal transitions in SWCNT are the
creators of nanobombs (Panchapakesan et al. 2005). The cause of explosion in the
nanobombs is hydration of SWCNT and exposure to light that causes the thermal
energy to heat the water molecules which in turn creates pressure inside the SWCNT
bundles. This method is highly effective against cancer cells (Panchapakesan et al.
2005).
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Photoacoustic imaging is used in the biomedical field for imaging the biological
tissues by using non-ionizing laser pulses (De La Zerda et al. 2008). It provides
higher spatial resolution and allows deeper tissues to be imaged compared to themost
optical bio-imaging techniques. There are many diseases which do not show natural
photoacoustic agents especially in the early stages. So in these cases it becomes a
necessity to administer some photoacoustic agents from outside for better imaging.
There are a number of photoacoustic agents available. However, they do not exhibit
proper targeting to a diseased site in living subjects (De La Zerda et al. 2008). Single-
walled carbon nanotubes conjugated with cyclic Arg-Gly-Asp (RGD) peptides are
the potent contrasting agent for photoacoustic imaging of tumors. Mice bearing
tumors were injected intravenously with these modified targeted carbon nanotubes
showed photoacousting signals to be eight times better than mice injected with non-
targeted nanotubes (De La Zerda et al. 2008). The results were cross checked ex vivo
by using Raman spectroscopy. Hence, the photoacoustic imaging of targeted single-
walled carbon nanotubes can be used in non-invasive cancer imaging and monitoring
of nanotherapeutics in living subjects.

Carbon nanotubes are good at biosensing. It provides specific sensing of wide
variety of biological species. It performs sensing operation without the use of any
labels or complex reaction schemes. Single-walled carbon nanotubes provide optical
detection of DNA conformational polymorphism (Heller et al. 2006). There is a
synthetic approach which uses cell free synthesis on to SWCNT for the production
of label free protein microarray capable of single protein detection (Ahn et al. 2011).
These are used for detection of single molecules as well.

4.4 Quantum Dots

Quantum dots (QDs) are tiny semiconductors that are few nanometers in size. They
show wide electronic and optical properties which differ from the LED particles.
These quantum dots when excited by electricity or light, emits light at the frequencies
that can precisely be tunedby changing the dot’s size, shapematerial, enablingmyriad
application.

Quantum dots are one of the most vital and fascinating nanomaterial among sev-
eralmetallicNPs that are involved in biomedical application. They have been focused
on potential applications in cancer diagnosis and therapy. These are frequently used
in bioimaging of living cells and tissues as bio probes or labels (Onoshima et al. 2015)
and incorporated in various biological assays for reversible detection and quantifi-
cation of biomolecules. These assays are based on distance-dependent fluorescence
resonance energy transfer (FRET) and multiplexed bioanalysis with multiple colors.
It is further utilized in immunoassays, molecular diagnosis, clinical analysis, and
cellular analysis (Onoshima et al. 2015).

QDs help in biological imaging and cellular studies but the toxic nature of cad-
mium is the major concern. The recent advancement developed the cadmium-free
quantum dots. This made easy in vitro and in vivo bio-imaging studies. The cellular
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uptake studies can be modulated by size, shape, and surface functionalization. The
multicolor quantum dots are efficient in stem cell bio imaging. QD-based FRET
probes are developed that includes QDs-conjugated hybridization probes for prelim-
inary screening of siRNA sequences. The unique photophysical properties of QDs
are used in ultra-sensitive nanosensors (single QDs) (Onoshima et al. 2015).

Quantum dots have very high efficiency for sensitive detection of cancer biomark-
ers such as breast cancer, ovarian cancer, and prostate cancer. The two tumor biomark-
ers, alpha-fetoprotein, carcinoembryonic antigen in human serum, were detected by
Quantum dot-based nanosensors. Nucleic acids are effective tumor markers. QDs
show very useful detection of nucleic acids, especially in a multiplexed format.
The target sequences can be detected simultaneously by using FRET assay that
uses immobilized QDs as donors. A single quantum dot-based nanosensors have
been developed for specific miRNA detection. There are various ways for miRNA
detection, but there are problems such as low sensitivity and less specificity. Single-
QD-based nanosensor was fabricated to overcome these problems. They have been
utilized as imaging probes, especially in cancer research for the recognition of the
special cell types and tissues in the clinical settings. QDprobes such asABC tri-block
copolymer coated QDs have been developed for imaging prostrate cancer. Glioma
cells can be detected by using QDs nanoprobes. These cells overexpress extracellular
matrix glycoproteins, tenascin-C. Tenascin-C have the key role in tissue remodel-
ing and invasion of glioblastoma into surrounding brain tissue. A single-stranded
aptamer for targeting QDs to tenascin-C (Onoshima et al. 2015).

The prominent fluorescence properties of QDs are used in Fluorescent imag-
ing (FI) helps in detecting the transplanted stem cells in vivo. This provides higher
sensitivity in comparison to other imaging modalities. Thus, “stem cell labeling
technology using QDs” and “in vivo fluorescent imaging technology for visualiz-
ing transplanted stem cells labeled with QDs” are vitally used for analyzing the
transplanted stem cells (Onoshima et al. 2015).

4.5 Iron Oxide NPS

In recent years, the medicine and biology have progressed a lot in pharmaceutical
domain. Metal NPs have advanced application in biomedical field. Iron NPs have
most developed applications in resonance imaging and biosensors. The super para-
magnetic iron oxides (SPIONs) have been extensively used in the cancer imaging
and therapy. They have immense qualities and controllable properties such as size,
shape, magnetism, crystallinity, and flexibility. The multifunctional SPIONs with
fluorescence are used for targeting ligands, drugs, etc.

MRI is most widely used medical diagnostic techniques. It is difficult to differ-
entiate between normal and abnormal tissues, therefore some specific exogenous
contrast agents are required to increase the contrast and obtain higher resolution and
sensitivity. SPIONs are the best contrasting agent used in theMR imaging techniques.
They work as MR imaging probes by (i) Magnetism: when external magnetic field is
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applied, the super paramagnetic SPIONs show high magnetism and it becomes zero
in the absence of external magnetic field. They give the negative contrast as dark
in appearance by enhancing T2/T*

2 relaxivity of water protons for MRI. Here, the
core of NPs is of SPIONs. (ii) Well developed surface coating and functionality: the
magnetic NPs are coated with targeting ligands such as proteins, peptides, antibod-
ies, polymers, carbohydrates, aptamers, DNA, RNA, oligosaccharides to improve
the target—specific delivery (Yen et al. 2013).

Iron oxide NPs have potential application in the field of neurooncology and other
CNS inflammatory conditions. Ultra small superparamagnetic iron oxideNPs (USPI-
ONs) are utilized in the imaging of central nervous system tumors. The actual mech-
anism of accumulation of USPIONs in the cells is not known but it is believed that
this might be due to its prolong circulation time and uptake by the inflammatory
cells within and around the tumor. For CNS tumor imaging, the evaluation of low
concentrations of iron oxide NPs transversing the blood-brain barrier (BBB) is done
by T1 weighted scans. But the imaging is also dependent on the MRI acquisition
including the magnetic field strength (Weinstein et al. 2010).

5 Conclusion

Nanomedicine has already laid its strong impact on different areas of diagnostics and
therapeutics as discussed in the aforementioned sections. Though a large number of
nanomedicines have advanced into preclinical and clinical trials, there has been only
20 nanoparticle therapeutics currently in clinical use. However, this shows its ability
to improve the therapeutic index of drugs. Further, other nanomedicines already in
the preclinical phase would come to the market in near future. With persistent and
continues research, nanotechnology would soon have a tremendous impact on health
sector.
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Abstract Water is the main source of sustaining life. It is an indispensable need for
flora and fauna alike. However, water is often contaminated by multidrug-resistant
bacteria and various other contaminants. Disinfection methods like ozonation and
chlorination fail to curtail these menace, often generating harmful by-products in
this process. Photocatalysis, a subsidiary of advanced oxidation processes might
have an important role to play in water decontamination. They are effective, do not
generate by-products, and provide complete inactivation against these MDR strains
and pollutants. The already existing photocatalysts like Titanium Dioxide and Zinc
Oxide are being depleted to their core. So, newer and novel photocatalysts need to
be developed with a more proficient, eco-friendly and biocompatible approach. This
discussion aims to have a closer look at the existing disinfection techniques and the
emerging players in the field of photocatalysis.
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GO Graphene Oxide
SODIS Solar Disinfection
LED Light Emitting Diode
DNA Deoxyribonucleic Acid
ROS Reactive Oxygen Species
VB Valence Bond
CB Conduction Band
RNA Ribonucleic Acid
UV Ultra Violet

1 Introduction

1.1 Current Scenario of Waste Water and Multidrug-resistant
Waterborne Bacteria

Abundance of ground and surface water is the uniqueness of planet Earth in the solar
system. Origin of life and its sustainable evolution is hence possible, but unfortu-
nately, it is a matter of concern that scarcity of consumable grade water is an age-long
problem (Malato et al. 2009; Schwarzenbach et al. 2010). In view of growing popu-
lation and the need for freshwater trends, it can be forecasted that about a third of the
world’s population would be affected by illness and poverty due to global problem
of water scarcity by the year 2025 (Shannon et al. 2010). The majority of water
present in and on earth is infected with microorganisms and persistent organic pollu-
tants (POP). In India, areas with adequate water supplies struggle for its sustainable
management while others struggle with the scarcity of pure drinking water (Ashbolt
2004; Viessman et al. 1998). Underlying this disparity in water availability is the key
to waterborne diseases. In the last 5 years, waterborne and diarrheal diseases like
cholera, gastroenteritis, and diarrhea have killed more than ten thousand people in
India, victimizing mostly infants. Disease-causing aquatic bacteria such as coliform
Escherichia coli (E. coli), Vibrio cholerae (V. cholerae), Shigella flexneri (S. flexneri),
and Salmonella typhi (S. typhi) are reported to cause explosive outbreaks and rapid
transmission of waterborne diseases over huge geographic spans, specifically Asia,
Africa, and South America, developing pandemics (Yang et al. 2012). The major
reasons for these outbreaks are overpopulation, unsafe hygiene and sanitation, lim-
ited fresh and drinking water sources, and tropical climatic conditions (Greer et al.
2008; Levy et al. 2016). This situation worsens more where the wastewater is con-
taminated with multidrug-resistant (MDR) microorganisms (Delgado-Gardea et al.
2016). Water contamination also occurs due to insufficient and unskilled manage-
ment of resources as well as informal discharge of sewage into the water sources.
Wastewater treatment plants (WWTPs) were employed to dispose of this waterborne
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bacteria but they were suspected to be one of the foremost hotspots and anthro-
pogenic sources for release of antibiotics, MDR bacteria, and antibiotic-resistant
genes (ARG) into the environment (Barancheshme and Munir 2018). In countries
with low per capita income, where hospital wastewater is treated along with munici-
pal effluent or discharged without any treatment, the situation becomes more critical.
Specifically,MDRbacteria that carryARGs, often contaminate the community water
sources; transferring their resistance to harmless nonpathogenic bacteria; ultimately
posing a severe public health threat (Lien et al. 2017).

Antibiotic usage has tremendously increased in the past decade for clinical appli-
cations, agriculture and the food industry, and aquaculture. Partially metabolized,
unprescribed, overused, and incomplete used antibiotics were reported as the major
reasons behind the development of MDR microorganisms (Prestinaci et al. 2015).
The presence of antibiotic residues in varying concentrations in aquatic bodies like
river, lake, and pond ecosystems has been well-documented (Diwan et al. 2010).
The “Indian Ganges”, along with its auxiliary tributaries, supplies water to over 500
million individuals. Thus contamination of even one water source could affect the
livelihood ofmillions of people categorically. Antibiotics are reported to be present in
rivers and other aquatic bodies at concentrations that could not only modify the eco-
logical dynamics of the environment but also give rise to antibiotic-resistant bacteria
(ARB) andARGs (Barancheshme andMunir 2018). Exposure of commensals likeE.
coli and Staphylococcus aureus (S. aureus) to antibiotics increases the carriage level
of ARGs. This might then be transferred to other bacteria to develop their more viru-
lent variants like Methicillin-resistant S. aureus (MRSA) and Vancomycin-resistant
S. aureus (VRSA), Extended-spectrum beta-lactamases (ESBL) producing E. coli
(Barancheshme and Munir 2018). These MDR organisms and ARGs are constantly
emerging and dispersing worldwide, thus threatening the therapeutic potential of
antibiotics against the treatment of infectious diseases resulting in increasing mor-
tality (Prestinaci et al. 2015). This has become such a serious concern for global pub-
lic health that in 2015 the World Health Organization (WHO) reported a document
on the global surveillance of antimicrobial resistance (World Health Organization
2014). Thus, it necessitates the “one health approach” to attain most ideal health
conditions for mankind, animals, and environment (Ryu et al. 2017). This may have
better emphasis on development of global public health and nullify the global burden
caused by MDR microorganisms.

Additionally harmful organics, chiefly industrial wastes such as organic dyes,
pharmaceuticals more specifically antibiotics, polychlorinated pesticides, poly-
cyclic aromatic hydrocarbons polychlorinated dibenzodioxins, dibenzofurans, and
biphenyls pose serious threats through biomagnification and deterioration of public
health has turned out to be a matter of concern for global environmental legislatives
and scientists (Qing Li et al. 2006).
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1.2 Problems, Consequence Associated, and Disease Caused

The late twentieth century has witnessed a rapid increase in the number of microbe
related infections. Unrequited exploitation of antimicrobial drugs and antibiotics in
treatments ultimately led to the advent of resistance among most of the microor-
ganisms (Malato et al. 2009). MDR is defined as the non-susceptibility of a par-
ticular microorganism against a set of common drugs which once had detrimental
effects on the survivability of the microbe (Barancheshme and Munir 2018). As per
the WHO, these resistant microorganisms specifically belonging to bacteria, fungi,
viruses, and parasites lead to ineffective treatment offered by these antibiotics, result-
ing in doggedness and spreading of such deadly infections and infectious diseases.
Escherichia coli is considered one of the common fecal coliforms that contaminate
drinking water. It has been the prime indicator of fecal contamination in water qual-
ity monitoring for many decades (WHO 2004). With tropical and monsoon climatic
conditions in India, these coliforms with uttermost rate of incidence may be washed
into hospital water, creeks, rivers, streams, lakes, or groundwater. Where they come
in contact with other E. coli with significant reservoir of genes coding for MDR
and thus propagates the resistance leading to waterborne deadly infections. Other
bacteria which squad this phenomenon includes species fromKlebsiella, Salmonella
enterica subsp. Enterica Serovar Typhi, Salmonella enterica subsp. Enterica Serovar
Paratyphi, Shigella spp., Vibrio cholerae, Acinetobacter sp., Clostridium spp., and
Bacillus anthracis, Legionella, Burkholderia . Methicillin-resistant staphylococcus
has also been found in different WWTP effluents (WHO 2004).

Although these phenomena of drug-resistance are natural, behemoth rise in the
number of immune-compromised states specifically due to HIV-infection, HSV and
Hepatitis-B infections, TB Infection, diabetes, brutal burns, and organ transplantation
brands the human body an unforced target for nosocomial infectious diseases, and
promotes further spread ofMDR.According to theWHOreport, greater rates of resis-
tance against antibiotics as cephalosporin and fluoroquinolones in Escherichia coli
associated with coliform-based infections, against cephalosporin and carbapenems
in Klebsiella pneumoniae associated to pneumonia, against methicillin in Staphylo-
coccus aureus associated to skin borne diseases, against penicillin in Streptococcus
pneumoniae, against fluoroquinolones in Nontyphoidal Salmonella, against fluo-
roquinolones in Shigella species associated with dysentery, against cephalosporin
in Neisseria gonorrhoeae associated to gonorrhoeae, and against rifampicin in
Mycobacterium tuberculosis associated to tuberculosis, and against isoniazid and
fluoroquinolone in urinary tract infections, pneumonia, bloodstream and other noso-
comial infections. In case of fungal strains, a lesser number of drugs have been iden-
tified till today. Unfortunately some species of fungus belonging to genus (Ventola
2015) Aspergillus, Cryptococcus, Candida, Scopulariopsis, Pseudallescheria, and
Trichospron have been reported to have developed resistance polyene macrolides
(amphotericin B), azole derivatives (ketoconazole, fluconazole, itraconazole, and
voriconazole), nucleic acid synthesis inhibitors (flucytosine), and glucan synthase
inhibitors (echinocandins) (Fernández-Silva et al. 2013). Long-lasting drug exposure
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and uncontrollable viral duplication result in the introduction of a range of resistant
strains and diligence of infections despite therapy. Likewise the impact could also
be observed in higher group of microorganisms belonging to parasites. Plasmodia,
Leishmania, Entamoeba, Trichomonas vaginalis, schistosomes, and Toxoplasma
gondii were found to have extensive resistance or tolerance against chloroquine,
pyrimethamine, artemisinin, pentavalent antimonials, miltefosine, paromomycin,
and amphotericin B and atovaquone and sulfadiazine (Labro 2012). Malaria and
Amoebiasis parasitePlasmodium falciparum andEntamoeba spp, respectively, along
with schistosomiasis have also been reported to be prone for MDR infections (Tan-
war et al. 2014) instigating afore most public health threat in many tropical and
subtropical countries.

Antimicrobial drugs have been used throughout the world for decades. Clinical
surveillance in Africa, America, Eastern mediterranean region, Europe, South-East
Asia, and Western pacific region has revealed that many infectious microorganisms
have evolved over the past few decades and an alarming rise among the antibiotic-
resistant species have been observed. Not only bacteria but almost all the competent
infecting organisms like bacteria, fungi, viruses, and parasites have employed high
levels of MDR with superior morbidity and mortality and thus got the status of “su-
perbugs” (Nagarajan et al. 2018; Parida et al. 2015). TB, pneumonia, deadly virus like
HIV and influenza, malaria, hepatitis, yeast infections accompanied with other lethal
ailments are the chief causes of deaths in the contemporary times, demonstrating
MDR as a fervent worldwide menace to public health. The likelihoods of regulating
tuberculosis have lessened due to resistance of (Tanwar et al. 2014), occasioning in
substitution of ancient ineffective drugs by novel drugs that radically increased the
health care expenses, worsening the situation of economically challenged citizens.

1.3 Current Scenario of Water and Existing Solutions
for Water Disinfection

Escalating world population, industrialization, and droughts have increased the
demand for clean water sources worldwide. With a climbing demand, innumerable
practical approaches and solutions have been implemented like rainwater harvesting,
increasing catchment volumes, etc. for better yield of freshwater resources (Rahman
et al. 2014). It is anticipated that billions of people worldwide will have scarce access
to sterile water supply, and countless beings will be victimized by severe waterborne
diseases and infections due to improper release of micropollutants and sewage in nat-
ural aquatic bodies (Malato et al. 2009). With regards to this deterioration of clean
water and potential shortage, advancements in affordable and highly efficient water
treatment technologies for wastewater treatment (WWT) are desirable. Few smarter
approaches like possible onsite reuse of rural wastewater or the treated municipal
wastewater from WWTPs for agricultural and industrial applications (Bradley et al.
2002; Lapena et al. 1995) have been proposed. Wastewater reuse and recycling are
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generally associated with the presence of dissolved refractory organic components,
suspended solids and fecal coliforms that are both annoying and expensive to get rid
of (Viessman et al. 1998). Universal water treatment technologies like adsorption
or coagulation simply concentrate the pollutants, transferring them to other harm-
ful chemical forms, face problems for complete elimination and decontamination
(Padmanabhan et al. 2006). Conventional methods like membrane filtration tech-
nologies, sedimentation, and chemical treatment involve greater operating costs and
produce lethal secondary pollutants into the aquatic ecosystem (Gaya and Abdullah
2008). These unnecessary secondary pollutants are apprehensive worldwide due to
the growing environmental consciousness and legislatures. Thus remedies include
chemical treatment methods like chlorination and ozonation and other treatment like
UV light has been most commonly and widely used disinfection process.

1.3.1 Chlorination

Chlorination is one of the most universally used practises for disinfection owing its
economical factors. It is used in the final step of WWTP which involves addition
of gaseous chlorine (Cl2), calcium, or sodium hypochlorite (Ca(OCl)2)/(NaOCl), to
water which ultimately acts in disinfection of waterborne pathogens with the genera-
tion of hypochlorous acid (HOCl). The mechanism of action generally involves oxi-
dation of bacterial germ cells, and cell membranes, along with inhibition of enzyme
activity. Regrettably, chlorination has been scarce for effective inactivation of viral
pathogens (Kitajima et al. 2010). He reported the presence of enteroviruses in nearly
58% of the samples and adenoviruses in nearly all samples collected from six differ-
ent WWTP after chlorination process. Since 1970s the effect of chlorination MDR
bacteria has been studied. More recently, Huang et al. showed that the though inacti-
vation rates of MDR bacteria (namely, chloramphenicol-, rifampicin-, tetracycline-
resistant bacteria) stayed comparatively high with respect to other heterotrophs but
the fraction of MDR increased numerously after chlorination (Huang et al. 2013).
This includes increased resistance toward of E. coli tetracycline antibiotics, whose
inactivation rates with Cl2 (1.5 mg/L) have been lesser in comparison to the sensitive
ones. This may lead to selectivity of resistant strains in drinking and wastewater.
Studies performed by Munir et al. from five WWTPs in Michigan (USA), reports
no significant involvement of this technique to MDR and ARG reduction. Conse-
quently, the mechanism of how chlorine action towardMDR and ARG assortment in
wastewater is greatly unidentified and further insights into this research is required
(Munir et al. 2011).

1.3.2 Ozonation

Ozonation is a typical process used for oxidative disinfection of water and polluted
waters. Ozone effectually incapacitates survivors of chlorination process, i.e., proto-
zoans like Cryptosporidium and Giardia (Rennecker et al. 1999; Von Gunten 2003).
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But the dosage at which it is performed results in the creation of unsolicited disin-
fection by-products like bromates from bromide which has been proven a potential
human carcinogen (Agus et al. 2009). Lower dosage may not efficiently inactivate
cysts, spores, and viruses (Cho et al. 2003), other factors like contact time, the target
microorganisms and characteristics of the wastewater matrix also play an impor-
tant part. Interesting observations were reported by Selma et al. (2007), where 1.6
and 2.2 mg L−1 of initial ozone doses result 3.7 and 5.6 log reduction of 108 CFU
mL−1of S. sonnei, respectively. Consequences of ozonation on MDR bacteria have
been scarcely addressed Oncu et al. (2011) did a comparative investigation on chlo-
rination, ozonation, and feebly applied heterogeneous photocatalytic process for
disinfection of MDR microorganisms. Chlorination had no impact on the plasmid
DNA structure, whereas ozonation at concentrations 1–4.42 mg L−1 and treatment
time 1min and photocatalysis lead to conformational changes in them,which showed
direct correlation with oxidant doses. Investigations by Lee et al. (2013) stated 3-log
reduction in chlortetracycline-resistant bacteria from livestock wastewater within
10 min (Öncü et al. 2011).

1.3.3 UV Irradiation

UV radiation is the most globally used disinfection treatment as far as surface, water
and food-based sterilization are concerned. UV-C (250–280 nm) radiation has the
most detrimental effect on the genetic material (DNA and RNA) of microorganisms.
It results in the inhibition of the replication machinery and reproducibility if the
doses applied are lethal. The UV dose is the main factor to specify by what means it
will be used for decontamination of wastewater. It is described as the product of the
average UV intensity in mW cm−2 and the average exposure time in seconds(s).

UV irradiation might fail in the inactivation of MDR and ARG lessening in
wastewater under commonly applied doses of 30 mJ cm−2. However, UV dosages
somewhat near or equal to 50 mJ cm−2, inactivation of the MDR could be achieved.
But according to them, UV radiation increased the MDR selectivity and ARG less-
ening (Guo et al. 2013); in particular, this treatment could reduce the percentage
of erythromycin-resistant bacteria, augmented that of tetracycline-resistant bacteria,
and ARG concentrations. Thus as per the references in literature, damaging of ARGs
requires substantially high UV doses of 200–400mJ cm−2 in contrast to that required
for 4–5 log reduction of MDR (McKinney and Pruden 2012).

UV disinfection effect had been assessed at large-scale setups for effluents to
observe in-significant reduction of MDR and ARGs [tet(G) or tet(Q)] (McKinney
and Pruden 2012) and found almost equivalent to chlorination process as per the
statistical student t-test (p > 0.05). The investigators highlight that even though it was
indecisive to reach an apparent conclusion, UV irradiation mediated disinfection to
decrease loads of some tetR gene and their respective diversity is still under question.
In a further large-scale study report by Francy et al. (2012) adenoviruswas detected in
the UV-treated effluent in between 25 and 36%. Though these detection percentages
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were superior than reports from post-chlorination disinfection in another WWTP
where survivability of adenovirus was 75%.

Therefore, UV Irradiation and chlorination might be ineffective in producing con-
siderable effect over MDR and ARG in wastewater, with unclear reasons. Although
evidence of a selection process for MDR and ARG produced by these treatments
are probable, but this is not a conclusive fact; it typically depends on the antibiotic,
mechanism of resistance achieved and the bacteria.

1.4 Wastewater Disinfection by Nonconventional Process like
Heterogenous Photocatalysis

Above mentioned inadequacies in conventional water treatment process have led to
the rapid development in AOPs as an inventive water treatment method. The AOPs
involve in situ generations of ROS like OH•, H2O2, and O2•−. These ROS were
reported as the chief arsenal for photocatalysis of refractory organic molecules and
disinfection ofmicroorganisms (Esplugas et al. 2002). Among theseAOPs, heteroge-
neous photocatalysis employing semiconductor metal oxide catalysts mainly TiO2,
ZnO, Fe2O3, CdS, GaP, and ZnS has confirmed its competence in mineralization of a
wide range of refractory and POPs into readily less harmful intermediates, and their
eventualmineralization into harmless carbon dioxide andwater. Among the semicon-
ductormetal oxide photocatalysts, TiO2, andZnOhave received tremendous attention
owing to their UV light and visible light-mediated activation properties, respectively.
Both of them were reported to have high thermal, chemical, and mechanical stability
making them ideal candidates for photocatalytic treatment applications (Chong et al.
2010).

Heterogeneous photocatalysis possesses certain important features that promote
its applicability in water treatment; they are (1) operation under ambient pressure
and temperature and, (2) total mineralization of refractory and persistent organics
minus generating secondary pollutants, and (3) low operational costs. The ROS pro-
duced as a result of the photo-induced charge separation on semiconductor metal
oxide surface has been well-documented for microbial disinfection and POP miner-
alization without generating secondary pollutants. Being so, versatile semiconduc-
tor metal oxide photocatalysts possess some technical challenges. This may include
post-reaction separability of the semiconductor photocatalyst after water treatment,
which is pausing their practicality as an industrial process. The fine particle size of
semiconductormetal oxides, together with their large surface area and surface energy
creates a resilient inclination for catalyst agglomeration during application. This is
vastly adverse in terms of particles size maintenance, decreasing surface area, and
its reusability. Further technical confrontations involve designing catalysts which
will be active for a wider spectrum of light, keeping in mind the photoperiods of
12 h sunlight and 12 h dark for real-time photocatalytic applications (Chong et al.
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2010). Moreover, understanding the technical rationale behind the common reac-
tor geometry, design, kinetics, and operational parameters is necessary for process
optimization.

1.4.1 Mechanism of Heterogenous Photocatalysis

Mechanism of heterogenous photocatalysis depends on the chemistry of photo-
physics and photochemistry employing metal oxide semiconductors as catalytic
agents which has been long reported in literature (Matsunaga et al. 1985). Semi-
conductors like TiO2 and ZnO are generally used as photocatalysts owing to their
potential to induce reduction and oxidation-based reactions on their surface, which is
exclusively due to the discrete lone electron property in its outermost orbital. When
photonic energy, i.e.,λμ of greater than or equal to the bandgap energy ofmetal oxide
semiconductor is illumined onto its surface, the lone electron (e−) from the valence
band (VB) of semiconductor will be photoexcited to the empty conduction band (CB)
within femtoseconds leaving behind hole (h+) in the VB of the semiconductor. This
e−/h+ pair (charge carriers) gets transferred to the photocatalyst surface and partici-
pates in the reduction and oxidation reactions. High amount of ROS is produced in
the system through the series of reactions mentioned in Figs. 1 and 2 OH•, O2•−,
HO•

2 (hydroperoxyl), are the key arsenal ROS responsible for photocatalytic activity.
It is recognized that OH• (from oxidation of water by h+ in the VB) is primarily
responsible for this PCD of POPs and disinfection of bacteria (Malato et al. 2009).
Additionally, other ROS like O2•− (from reduction of Oxygen in the CB) and H2O2

also play a crucial part in photocatalytic oxidation (Regmi et al. 2018). The following
set of reactions describes the molecular mechanisms for stepwise generation of ROS
in a photocatalyst.

O2 is highly electronegative in nature and has been reported as one of the best
electron scavengers, in absence of an actual electron scavenger during the photocat-
alytic process; the faster electron–hole recombination takes place with concurrent

Fig. 1 Where MO stands for
metal oxide that may be TiO2
and ZnO etc. [Reprinted with
Permission from Das et al.
(2018). Copyright 2018
MDPI UNDER Creative
Commons Attribution
License. (CC BY 4.0).]
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Fig. 2 Schematic representation of semiconductor metal oxide-mediated photocatalysis and the
possible redox reactions involved that lead to the generation of different ROS (OH•, O2•−, H2O2)
and subsequent degradation and disinfection of organic pollutants and bacteria (Das et al. 2017).
[Reprinted with Permission from (Das et al. 2017). Copyright 2017 Springer Nature Publishing
Company UNDER Creative Commons Attribution License. (CC BY 4.0).]

dissipation of heat. Thus, prolonging this recombination time is reported as one of
the key rationales behind successful execution of photocatalysis (Chong et al. 2010).
Figure 1 shows how presence of oxygen in the form of dissolved oxygen (DO) in
the photocatalytic system, delays the recombination of electron–hole pair, allowing
the formation of O2•−. This further can be protonated to form the HO•

2 and subse-
quently into H2O2 on further reaction with O2•− (Scheme-1). HO•

2 previously has
been reported to own scavenging property and therefore its presence in the system
can further prolong the electron–hole recombination time (Chong et al. 2010).

All these reactive species in the photocatalytic systemhavebeengenerated through
the presence of both DO and water molecules. Many literature state their importance,
and futility of photocatalysis without them. The generation of such effective ROS has
been the key behind breaking down of various refractory organic molecules within
their main chemical chain, and killing of bacteria in the water matrices by targeting
their molecular machinery. The resulting nontoxic by-products/intermediates are
further converted to carbon dioxide and water as the final products of photocatalytic
process (Regmi et al. 2018).

Mass transfer or adsorption of organic molecules on the photocatalyst surface or
themass transfer of nanosized photocatalyst on the bacteria surface has been reported
as the rate-determining step of photocatalysis. For an efficient photocatalysis reaction
to occur, the target and the photocatalyst must be in close proximity to each other. It is
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mainly because the ROS generating on the photocatalyst surface lose their affectivity
on diffusing away from the catalyst surface. Similarly, desorption of the degraded
molecules from the catalyst surface are also rate determining if the concentration
of the organics in the system is high, and the photocatalytic reaction has to run for
longer intervals for complete degradation of organic targets (Chong et al. 2010).

In case of microorganisms, their surface interaction with the photocatalyst (TiO2

and ZnO) in PCD is crucial for enhancing the rate of inactivation. When the ROS
generated during photocatalysis comes in close proximity with the microorganisms,
bacterial membrane will be the primary target for ROS attack (Maness et al. 1999).
ROS could break open even the strongest of covalent bonds (C–C, C–H, C–N, C–O,
and H–O) present in biomolecules such as lipids, carbohydrates, nucleic acid, and
proteins. The lipopolysaccharide layer and proteins will be oxidized by the photo-
induced ROS and subsequent loss in respiratory activity. Peroxidation of lipids gen-
erates aldehydes in the system called malondialdehyde (MDA) and hydroxynonenal
(4-HNE), which serve as the initial biomarkers for photocatalytic oxidation or PCD
(Maness et al. 1999), (Joshi et al. 2011). This is followed by compromisation of
bacterial membrane permeability and consequent leakage of cytoplasmic contents,
specifically potassium (K+) ions and cellular biomolecules like proteins and DNA
from the bacterial cells as shown in Fig. 3 (Das et al. 2017; Misra et al. 2018). Oxida-

Fig. 3 Schematic view of a hypothesized mechanism for solar-PCD of MDR E. coli in presence of
Fe Doped ZnONCs (Das et al. 2017). [Reprinted with Permission fromDas et al. (2017). Copyright
2017 Springer Nature Publishing Company UNDER Creative Commons Attribution License. (CC
BY 4.0).]
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tive stress may also result in change in membrane fatty acid components in bacteria
and their correspondingmembrane fluidity, which are studied using Fourier transmis-
sion infrared spectroscopy (FTIR) and analysis of Fatty acid methyl esters (FAME)
(Kiwi and Nadtochenko 2005; Misra et al. 2018). The development of oxidative
stress and its impact on the bacterial cell membrane can be observed using Trans-
mission electron microscopy (TEM), Field emission scanning electron microscopy
(FESEM) and advanced atomic force microscopy (AFM) or attenuated total reflec-
tion Fourier transform infrared spectroscopy (ATR-FTIR) (Choi et al. 2016;Kiwi and
Nadtochenko 2005; Longo and Kasas 2014). After membrane, bacterial intracellular
components like nucleic acids and proteins are primary targets for ROS attack. The
damage in protein and nucleic acids could be studied using Sodium Dodecyl Sulfate
PolyAcrylamideGel Electrophoresis (SDS-PAGE) andAgaroseGel Electrophoresis
respectively (Carré et al. 2014; Misra et al. 2018). The rate of photocatalyst adsorp-
tion on bacterial surface and the ultimate photocatalytic inactivation shows positive
correlation to the ROS generation and bactericidal effect of semiconductor metal
oxide-based photocatalysts. These interactions could be the rate-determining step in
bacterial PCD (Das et al. 2017).

2 Innovation in Photocatalyst Technology

TiO2 electrode had been used first in 1972 (Fujishima and Honda 1972) for water
splitting applications. Since then researchers have been synthesizing TiO2 of dif-
ferent sizes, characteristics, and physical and chemical properties to be exploited
for numerous photocatalytic applications (Fujishima and Honda 1972; Kondo et al.
2008; Wang et al. 1998). Nanosized TiO2 with its light opaque properties in com-
parison to its bulkier form was reported to have a superior oxidation competency
(Siddiquey et al. 2008). Still problems regarding their morphology, particle size,
and vulnerability in harsh chemical environment, remain the biggest challenge for
large-scale photocatalytic applications and post-reaction separability (Byrne et al.
1998). However, the most important drawback of TiO2 photocatalysis is mismatch-
ing between its bandgap energy and the sunlight spectra. The TiO2 bandgap overlap
only with the UV (320–400 nm) ranges, as a consequence of which it can only take
benefit of less than 5% of the solar spectrum reaching the earth’s surface, and thus its
less likely to be used for real-time photocatalytic applications for sustainable devel-
opment (Chong et al. 2010). This has intensely influenced research in photocatalyst
development, to make better usage of the visible spectrum. In this perspective, the
feasibility of using ZnO and CdS photocatalysts has been re-evaluated with respect
to recent advances in nanotechnology. ZnO, possessing a wide bandgap energy of
3.37 eV and hefty exciton binding energy up to 60 meV, has gained high consid-
eration in the past decade because of its ease of synthesis and exceptional optical,
photovolatic, photocatalytic, high photochemically active and biocompatible prop-
erties (Chong et al. 2010). In contrast, the immobilization of the photocatalysts in
inert substrate or matrices drastically reduces the active site of catalyst and will
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decrease the mass transfer phenomena. This further creates more problems in pho-
tocatalytic operations due to reduced light penetration and reduced photocatalyst
activation. Integrating photocatalysis with membrane technologies or membrane fil-
tration like TiO2/Al2O3 composite, TiO2 supported on polymeric and metal and
ceramic membranes (Kim et al. 2003) or polymeric membranes containing TiO2

particles entrapped in the assembly process (Artale et al. 2001) has somewhat solved
the issue of catalyst reusing. Still problems regarding membrane fouling, blockage,
regeneration and backwashing, low photocatalytic potential and time-dependent loss
of photocatalyst layer over time persist. Thus developing photocatalysts with high
settling potential and lesser chances of deterioration under harsh chemical surround-
ings are the need of this era. The current section technically provides solutions to the
challenges that prevent the application ofTiO2 andZnO in slurry based photocatalytic
system (Chong et al. 2010).

2.1 Doping of Photocatalysts for PCD of Microbes

Ion doping of TiO2 and ZnO, both metallic and nonmetallic, has shown immense
potential in achieving visible light photocatalysis. The dopant usually generates
impurity in the semiconductor narrowing their bandgap and broadening their capa-
bility to capture the most abundant solar spectrum. With respect to PCD, nitrogen
(N) has been reported as the most potential dopant (Fujishima et al. 2008; Rizzo
et al. 2014) reported the effect of N-doped TiO2 on the PCD of MDR E. coli
strain obtained from a WWTP showing higher disinfection rates as compared to
undoped TiO2. Mesoporous, N-doped TiO2 thin films exhibited visible light-driven
PCD against both Gram-positive and Gram-negative bacteria like Bacillus amyloliq-
uefaciens and Pseudomonas aeruginosa, respectively (Mamane et al. 2014; Soni
et al. 2013). Other nonmetallic dopants like Sulfur (S) have been reported in few
literature. Sol–gel mediated synthesis of S-Doped TiO2 has been reported to have
strong visible light disinfection ability against Micrococcus lylaein lesser time in
comparison to its undoped variant (Yu et al. 2005).

Transition metal like iron (Fe) has been effectively used as a dopant for ZnO, for
visible light PCD of MDR E. coli with/without any further reactivation as depicted
in Figs. 3 and 4 (Das et al. 2017). Generally, the effectiveness of the dopant relies on
its electronegativity and the difference between dopant and ionic radius of Zinc (Zn).
Thus, Fe being chemically stable and existing in two possible oxidation states, Fe2+

(Ionic radii 0.78 Å) and Fe3+ (ionic radii 0.64 Å) close to Zn2+ (ionic radii 0.74 Å),
can easily pierce into Zn lattice without distressing the crystal structure of ZnO.
This results in more charge carriers to improve its conductivity and photocatalytic
potency (Kafle et al. 2016). Increasing Fe concentration as dopant showed that the
optical bandgap gradually diminished (Kafle et al. 2016). Also noble metals like
silver (Ag) when used as dopants convert the n-type ZnO semiconductors into p-
type, enhancing their optoelectronic potential and photocatalytic ability. Adhikari
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Fig. 4 Schematic representation of charge separation in FeDopedZnONCs, presence of Fe3+ion as
a dopant delays the electron–hole recombination, allowing more generation of ROS and subsequent
disinfection of waterborne microorganisms (Das et al. 2017). [Reprinted with Permission from Das
et al. (2017). Copyright 2017 Springer Nature Publishing Company UNDER Creative Commons
Attribution License. (CC BY 4.0)]

et al. (2015) have reported the effective visible light PCD of E. coli in comparison
to ZnO alone (Adhikari et al. 2015).

Besides the single elemental doping, multiple elemental co-doping has been
promising for further enhancing the photocatalytic activity of semiconductors. The
visible light photocatalytic activity of the Er–Al co-doped ZnO was inspected for
degradation of methyl orange (MO) (Ong et al. 2015). Er–Al co-doped ZnO showed
highly enhanced photocatalytic activity in comparison to pristine ZnO. Moreover,
Feilizadeh et al. (2015) reported an almost complete bacterial disinfection within
45 min of visible light irradiation by using Fe (Feilizadeh et al. 2015), Cd-co-doped
TiO2. Feilizadeh et al. (2015) found co-doping of B andNi to have outstanding photo-
catalytic activity against E. coli under visible light irradiation. In fact, it is interesting
to observe that the bacterial cells were inactivated by diffusing ROS even when they
are not in direct contact with the photocatalyst.

2.2 Core-Shell Nanocomposites for PCD of Microbes

Vast progress in the field of nanotechnology motivated the synthesis of the refined
nanostructures which possess tremendous optical, mechanical, chemical and electri-
cal properties. Since 1990, researchers shifted their focus on synthesizing concen-
tric multilayer semiconductor NPs with a transition of noble metal core to improve
their optical property, these modified nanostructures are better termed core-shell
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NCs. These two-component organization of NCs, have attracted tremendous inter-
ests in contrast to the conventional one-component systems. Core-Shell NCs possess
improvised characteristics due to their multifunctional magnetic, chemical and opti-
cal properties, higher stability in harsh environmental conditions and high surface
area (Das et al. 2015; Tripathy et al. 2013). Owing to the above factors, core–shell
NCs have found more recognition in the field of chemical sensors, electro-optics,
enhanced drug delivery, immobilization of enzyme, catalysis, and photocatalysis.

It has been discussed earlier that lower quantum efficiency of photocatalytic sys-
tems resulting from the faster electron–hole recombination in semiconductor and
the unproductive use of visible light for semiconductors of wider bandgap are the
two critical challenges obstructing the usage of photocatalysis for real-time applica-
tions (Chong et al. 2010). Thus, tuning the physical and chemical properties of the
photocatalyst is of greater interest for the real-world applications for creation of sus-
tainable environment and meeting the increasing demands of energy. Photocatalyst
doping has been a technique of choice for this purpose.Moreover, optimization of the
shape, structure, topology and minor defects of the photocatalysts has significantly
influenced their prospective for photocatalytic applications. Semiconductor-based
core–shell NCs, which involve integration of improved composition and structural
features, have been promising for photocatalytic applications (Liu et al. 2012). Core-
Shell NCs generally avoid the usage of strong chemical oxidants and have been con-
sidered ‘green’ as far as the process of synthesis is concerned. Their variants include
metal–semiconductor (Au@ZnO, Ag@ZnO, Ag@TiO2) semiconductor–semicon-
ductor (CdS-TiO2, TiO2@ZnO), semiconductor–shell (graphene andSiO2) (Liu et al.
2012).

Metal-cored–semiconductor shell NCs are the mostly studied photocatalysts in
the field of transformation of organic refractory organics into less toxic by-products
and intermediates due to their robust structural properties. The metallic core in the
core-shell NCs possessing low Fermi energy level can serve as an electron pool dur-
ing photoactivation, prolonging the existence of charge carriers, and thus possibly
increasing the overall photocatalytic efficiency of the NCs Fig. 5 (Das et al. 2015).
Moreover, their useful construction can not only increase the stability of coremetallic
NP from aggregation but also defend them against undesirable corrosion or leaching
during practical application. Their flawless three-dimensional architecture also facil-
itates the proper interfacial charge transfer between metallic core and semiconductor
shell. These exceptional merits profoundly linked with the metal-core–semiconduc-
tor shell NCs promise their immense prospective as a novel alternative to novel light-
harvesting photocatalysts for real-life heterogenous photocatalytic applications (Liu
et al. 2012).

Semiconductor–Semiconductor Core–Shell photocatalysts is a successful
approach for improvising the photocatalytic performance of a semiconductor sys-
tem. This technology involves coupling two semiconductor particles with diverse
energy or bandgap levels to accomplish effectual charge separation and subsequent
generation of ROS (Chong et al. 2010). In such coupled systems, on photoactivation,
the photo-generated electrons gather at the lower lying CB of one semiconductor
while subsequently accumulating the h+ at the VB of the other semiconductor. Liu
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Fig. 5 Schematic representation of sunlight assisted PCD of V. cholera in presence of ZnO NPs
and Ag@ZnO core–shell NCs. Presence of Ag core allows delayed electron–hole recombina-
tion Das et al. (2015). [Reprinted with Permission from Das et al. (2015), vide license number
4533041191524. Copyright Elsevier Publishing Company, 2015]

et al. (2012) reported faster charge partition (picosecond) from laser flash photolysis
study of the CdS–TiO2 suggesting one of their biggest advantages. Thus, their explo-
ration for environmental remediation, organic transformation, and water splitting
application is the need of this era.

Liu et al. (2012) reported M@TiO2 (M = Au, Pd, Pt) core–shell NCs created
via hydrothermal method. On exploring their performance for visible light-mediated
PCD of rhodamine B, tunable photoreactivity of the as-synthesized NCs were dis-
played. Incorporation of a noble metal in the core promotes an enhancement in
electron trapping, improving the life of electron–hole pairs, and enhances the visible
light photocatalytic performance of TiO2 as well (Hirakawa and Kamat 2005). How-
ever, under UV light (λ = 365± 15 nm), the photocatalytic performance was lower
in comparison to its bare TiO2 variant, which may be due to lesser light absorption
in UV region and improper electron–hole separation. Yang et al. (2015) reported
some interesting phenomena based on the shell thickness in a core–shell NCs, in
Au@CdS. The rate constant for electron-transfer was found to be improved with
increasing thickness of the shell. This may be probably attributed to lesser definite



Designing Novel Photocatalysts for Disinfection of Multidrug-Resistant … 457

electron–hole interaction of thicker CdS shell, facilitating a greater magnitude in
involvement of photoexcited electrons during the charge separation.

Photocatalytic applications involve decontamination of an extensive range of
organic refractory pollutants. This also involves various microbes like waterborne
bacteria and fungus. Das et al. (2015) for the first time, reported the utilization of
colloidally-synthesized (chemically precipitated) Ag@ZnO Core-shell NCs for the
complete PCD of V. Cholerae in 90 min. Reports of the efficient PCD of E. coli and
S. aureus were reported displayed by the same group using sonochemically synthe-
sized Ag@ZnO core-shell NCs (Das et al. 2018). In both the cases, the structural
integrity of the core-shell NCswere found to be properlymaintained during and post-
reaction as confirmed from the Atomic Absorption Spectroscopy studies (AAS) or
Microwave plasma atomic emission spectroscopy (MP-AES). Moreover, applica-
tion of these NCs in real water conditions and reusability has also set a benchmark
for their real-time application to get rid of waterborne bacteria. Though core-shell
NCs were reported as suitable photocatalysts (Das et al. 2017), their potentials as
antimicrobial agents have been convincing too. Das et al. (2016) reported for the first
time biologically synthesized Ag@ZnO core-shell NCs for complete inactivation of
Candida krusei fungus without the involvement of any light (Das et al. 2016). Thus,
tuning the structural properties of these semiconductors may help these core-shell
NCs as potential antimicrobial agents against both water and skin borne pathogens.

2.3 Clay-Based Nanocomposites for Photocatalytic
Disinfection of Microbes

Clays are naturally occurring layered plates of aluminosilicates stacked or mound
together. Their broad classification includes as montmorillonite-smectite, kaolinite,
illite, and chlorite types. Clays might be also be grouped as phyllosilicates that fit
into three standard groups: montmorillonite, illite, and kaolinite. Phyllosilicates are
two-dimensional arrays of silicon–oxygen tetrahedral and two-dimensional arrays
of aluminum or magnesium–oxygen–hydroxyl octahedral. Montmorillonite-layered
silicates and illite have 2:1 layered configuration whereas and kaolinite has 1:1 lay-
ered configuration. The physicochemical characteristics differ but are principally
eminent for their hydrous alumina-silicates contents. Clays generally have inter-
sected silicates sheet joint with a second sheet-like alignment of metal atoms, oxy-
gen, and hydroxyl ions (Bergaya and Lagaly 2006; Weaver and Pollard 2011). The
fundamental configuration units are divided into silica sheets and brucite or gibbsite
sheets (Miranda-Trevino and Coles 2003). The 1:1 configuration type consists of
one tetrahedral sheet and one octahedral sheet; (Miranda-Trevino and Coles 2003;
Yaya et al. 2012). Octahedron consists of two planes of hydroxyl ions amidst which
a plane of magnesium or aluminum ions is situated that is usually synchronized by
hydroxyl sheets octahedrally. These octahedrons called octahedral sheets are also
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arranged in a hexagonal pattern. The 2:1 configuration type comprises of two sil-
ica tetrahedral sheets amidst which lies an octahedral sheet. This includes the most
abundant clay minerals mica and smectite groups. The serpentine and mica group is
further subdivided by the criteria of dioctahedral and trioctahedral type (Weaver and
Pollard 2011).

They possess adsorbing antimicrobial as well as medicinal properties and have
been explored since long. They serve as a mineral remedy for diarrhea, dysentery,
tapeworm, hookworm, wounds, and abscesses (Otto and Haydel 2013). With excel-
lent adsorption ability, they have been employed for mitigating bacteria in wastew-
ater treatment plants (Hrenovic et al. 2009) and also applications in bioremediation
of other different contaminants (Muter 2014). Their general application could be
observed in home-based water purification or purifying systems where they serve
the purpose for an excellent adsorbent for heavy metals, chemical contaminants, and
bacteria. Clay minerals have an added advantage over other adsorbents via their rel-
ative abundance in nature, hydro-plasticity, economical aspects, and environmental
affability while usage. Moreover, their large specific surface area, porosity, surface
charge, and functional groups are added advantage toward being a good adsorbent
(Yuan et al. 2015). Few problems associated with them for large-scale disinfection
applications involve their poorer recovery rate fromaqueous solution.However, engi-
neering or modifying their surfaces or crystal lattice with metal oxides or NPs does
improve their expediency, particularly in disinfection of water.

PCD process using bare ZnO NPs may illustrate few limiting factors like stub-
born aggregation, alteration of the surface characteristics or crystal growth, and
reduced quantum effects that eventually will lessen its catalytic proficiency and can
frontier its commercial utilization. Nonetheless, retrieval of the small-sized nano-
photocatalyst subsequently after water treatment would prove as a technical hin-
drance and henceforth own ambiguity on particle reusability (Chong et al. 2010). To
address such confines, it is proposed to use clay-based matrices for immobilization
of nano-photocatalyst particles (Praneeth and Paria 2017). Among these, Kaolinite
clay has been extensively accepted as a cosmetic material that has antimicrobial and
healing properties, establishing itself as a harmless candidate for treating water.

Misra et al. modified kaolinite with ZnO using a simple coprecipitation method
and successfully employed it for visible light PCD of aMDR Enterobacter sp.which
is a coliform bacterium possessing potential threats of waterborne nosocomial infec-
tions. To our astonishment, only 150 mg/L of the designed clay-based photocatalyst
was sufficient enough to cause 7-log reduction of bacteria within 120 min (Misra
et al. 2018). Moreover, when the reusability and recoverability of the catalyst were
measured, it was found to be photocatalytically efficient for three subsequent cycles.
Earlier Chong et al. (2011) reported the PCD performance of the TiO2–Kaolinite
catalyst synthesized using simple two-step sol–gel method against a sewage-isolated
Escherichia coli sp. (ATCC 11775). Normal E. coli is a common model organism
to quantify the efficacy of treatment. Thus using environmental or sewage isolates
demonstrate how PCD could behave in case of robust environmental isolates. Under
the illumination of UV-A light, a 5-log bacterial reduction was achieved in 70 min
at the best operation conditions of 6 g/L TiO2–K loading, pH 4.0 and 7.5 L/min
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aeration rate. Interesting observations were made, that TiO2–Kaolinite photocatalyst
was operable under a wider pH range up to 7.0 in contrast to other conventional
photocatalysts. However, a very low PCD rate was achieved at pH 10.0, which is
related due to variation in surface charge or PZC (TiO2–Kaolinite) that weakens the
bacteria catalyst interaction.

The use of clay-based photocatalytic nanocomposite is not only restricted to
water-based disinfection process. Their applications have been extended to food
packaging materials as well. In the late 1980s, Toyota research group reported pro-
nounced improvements in nylon-6 (N6)/montmorillonite (MMT) nanocomposite for
their thermal, gas barrier, and mechanical properties. Nanosized clays confer several
benefits over conventional micro-sized clays in polymermatrix. This laid the founda-
tion for polymer/clay nanocomposites in various industrial packaging applications.
These systems prolong the food shelf life via curbing of humidity, oxygen, ethylene,
aroma, or unfamiliar flavors interactingwith the food.Most importantly, the presence
of clay restricts the growth of foodborne contaminating bacteria and fungus. Bodaghi
et al. (2014) reported about low-density polyethylene (LDPE) nanocomposite films
with two types of NPs, TiO2 (3 wt%) and Closite 20A (3 and 5 wt%), synthe-
sized using a melt blow extrusion method (Bodaghi et al. 2013). These NCs showed
more mechanical reinforcement, increased gas barrier than their conventional coun-
terparts. Moreover, in 8 Watts UV lamp, tremendous photocatalytic inactivation of
Pseudomonas spp. and Rhodotorula mucilaginosa and degradation of ethylene was
achieved in presence of these LDPE-based nanocomposite film that consisted of two
kinds of NPs. This might find its application in fresh horticultural product packaging
as antimicrobial materials with reformed barrier properties.

Other than photocatalysis, clay founds huge application in antimicrobials. Pyro-
phyllite, a hydrous aluminosilicate clay mineral achieved 94% disinfection of E.
coli in solution even while bicarbonates were situated (Kang et al. 2013). Blended
Bentonite–polymer composites were also used as antimicrobials. Their blends with
sand, zeolite, vermicompost, and charcoal in the form of a filter could intensify
their actions and help removal of coliform bacteria from water samples, thus act-
ing as a great source of decontamination in rural areas where resources are limited.
Intercalated Montmorillonite, Vermiculite, Palygorskite, and Kaolin with quater-
nary phosphonium salt and their antibacterial properties were successfully reported
against E. coli ATCC 25922 and Staphylococci aureus ATCC 6538. This antimicro-
bial activity depends on the amount of phosphonium surfactant released, the surface
charge and particle size of the adsorbents or organo-clay minerals. According to Wu
et al. (2011) increasing the release of phosphonium surfactant, increasing zeta poten-
tial (positive charges) and then narrow particle size distribution of the organo-clay
adsorbent boosts its antimicrobial proficiency.
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2.4 Graphene-Based Nanocomposites

Graphene possesses a plane monolayered two-dimensional (2D) arrangement of car-
bon atoms in the form of a honeycomb. They are the major building blocks for 0D
fullerenes, 1D carbon nanotubes, and 3D graphite. Graphene acquires a high thermal
conductivity, electrical properties (π-conjugation), mobile charge carriers at room
temperature, and exceptionally high theoretical specific surface area (2600 m2/g).
This had resulted in their exploitation as photocatalyst support for enhanced photo-
catalytic activity. The ground-breaking reports by Kamat et al., where they created
grapheneoxide (GO)-TiO2 nanocrystalline composites demonstrated for thefirst time
the feasibility of using graphene in photocatalytic nanocomposites, inspiring inten-
sive research on their development of next-generation photocatalysts (Williams et al.
2008). Graphene alone possesses antimicrobial activity owing to its which is physic-
ochemical properties related to size, morphology, and surface functional groups.
Reports by Akhavan et al. suggested antibacterial action of graphene nanosheets
against E. coli as well. According to them, the bacterial inactivation in this case is
due to a “suicidal mechanism”. Normal GO was capable of proliferating the bac-
terial growth until it was found that components of the bacteria reduce the GO to
generate bactericidal and hence suicidal molecules (Akhavan and Ghaderi 2012;
Williams et al. 2008). In another study by the group, biocompatible antioxidant
melatonin was used for reduction of GO. The bacteria captured within the aggre-
gated GO nanosheets were biologically detached from their surroundings and sub-
sequently killed. Also, if required, photothermal therapy using near-infrared irradia-
tion at 808 nm, could also kill the bacteria. Since the GO does not serve detrimental
until reduced, they are applied as an encapsulating material for transport of pre-
ferred microorganisms, surface sterilizing agents, and smart-coat technologies for
inactivation of microorganisms (McGuinness et al. 2016).

Salient application of graphene in accelerating photocatalytic disinfection is in the
form of hybrid nanocomposites with conventional photocatalysts like TiO2 and ZnO.
This could be done by the direct embedding of the semiconductors on the GO sur-
face or crystal lattice. As per Cao et al., graphene/TiO2 NCs photocatalysts displayed
better visible light absorption and also superior photocatalytic inactivation toward E.
coliwhen irradiated under visible light, where pure TiO2 actions were reported negli-
gible (McGuinness et al. 2016). The visible light PCD of these reduced GO/TiO2 has
not been restricted to common Gram-negative organisms, but has also been reported
against MDR E. coli. As per Prasad et al., it took 120 min for complete disinfection
of E. coli with detrimental loss to the bacterial genetic component and antibiotic
resistance (Prasad et al. 2017). Sun and coworkers constructed GO–TiO2–Ag NCs
with GO sheets (2D) with TiO2 nanorods (1D) and Ag quantum dots(0D) using a
facile two-phase method. These GO–TiO2–Ag NCs displayed tremendous intrinsic
disinfection and biocidal properties against E. coli cells. This may be attributed to
easy transfer of photo-generated electrons from TiO2 to GO sheets (Liu et al. 2013).
Since the work function of surface-deposited Ag NPs has a Fermi level lower than
that of GO the photo-generated electrons might further be transferred from GO to
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Ag NPs resulting in delayed electron–hole recombination and better photocatalytic
yield. This has been confirmed by other studies too. ZnO has been once consid-
ered as the most appropriate alternative for TiO2and photocatalytic applications.
SulphonatedGOwith ZnOnanorods alongwithAg could have greater photocatalytic
inactivation activity toward E. coli cells than their two-component counterparts like
of SGO–ZnO, and ZnO–Ag. Also CdS is recognized as an excellent photocatalyst
under visible light. Thus, efforts were use them in graphene-based composites were
accomplished by a novel two-phase mixing method. Their visible light PCD perfor-
mance was evaluated against Gram-negative E. coli and Gram-positive B. subtilis.
The composite was reported to achieve 100% disinfection of E. coli and about 90%
of B. subtilis in 20 and 10 min, respectively (Zhao et al. 2013). This efficiency is
better than their lone counterparts, i.e., CdS and GO individually. The much detri-
mental action on Gram-positive bacteria is attributed to the lack of additional outer
membrane in them unlike Gram-negative bacteria, which usually can protect the
inner peptidoglycan layer from reactive oxygen species-mediated peroxidation (Ong
et al. 2015). On another instance, reduced graphene oxide (RGO)-modified with
Bi2MoO6 nanoplates using hydrothermal treatment possess superior uniformity and
ordered orientation of their active lattice (Ong et al. 2015). They were reported to
have better visible light PCD against E. coli, i.e., nearly 5-log reduction in 3 h, where
Bi2MoO6 failed in even 4 h with just 2-log reduction. The better PCD efficiency with
oxide (RGO)-modifiedwithBi2MoO6 was attributed to effective charge transfer from
Bi2MoO6 to graphene (Zhang et al. 2013).

2.5 Nonmetallic Materials Graphitic Carbon Nitride

Polymeric graphitic carbon nitride (g-C3N4) has been the major source of photo-
catalytic attraction in the modern era (Ong et al. 2016). The presence of heptazine
ring structure and a great degree of condensation serves advantages related to good
physicochemical stability, attractive electronic structure with a bandgap of 2.7 eV,
making it sunlight or visible light responsive (Wang et al. 2015). With the ease of
preparation involving thermal polycondensation of the less expensive N-rich precur-
sors, like cyanamide (Lei et al. 2015), urea (Lei et al. 2015), thiourea (Lei et al. 2015),
melamine (Shan et al. 2016), and dicyandiamide, they can be suitable candidates in
water splitting and PCD of harmful coliform waterborne and MDR bacteria.

The photocatalytic efficiency of such materials for the disinfection of E.coli
was first reported by Huang et al. They reported that the mesoporous form of g-
C3N4 with surface area nearly equal to 230 m2/g, resulted complete disinfection of
the E. coli K-12 in presence of sunlight in less than 4 h time (Huang et al. 2014).

Pure g-C3N4 endures inadequacy as a suitable photocatalyst due to faster recom-
bination of electron–hole pairs, lesser specific surface area, and lower visible light
utilization (Zhang et al. 2012). Thus, researchers are focussing on layering the bulk
g-C3N4 into nanosheets for better photocatalytic activity. Evidences from Zhao et al.
(2014), where a 0.5 nm thick single layer g-C3N4 nanosheets using thermal etching
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and ultrasonic exfoliation was created, showed visible light-driven photocatalytic
inactivation of E. coli nearly 7-log reduction within 4 h, unlike their bulk counter-
parts. This enhancement of photocatalytic efficiency might be credited to the low
charge transfer resistance and slower electron–hole recombination.

2.6 Magnetically Separable Photocatalysts for Better
Reusability

Iron oxide and some minerals possess the magnetically separable properties might
be a good photocatalyst absorbing at visible spectrum of light. In contrast to univer-
sally used TiO2 and ZnO, which mainly absorbs at UV spectrum corresponding to
just 5% of the solar spectrum due to its wide bandgap of 3.2 eV. Fe2O3 on the other
hand have a bandgap of 2.2 eV (Akhavan and Azimirad 2009) and thus is an exciting
n-type semiconductor suitable for photocatalysis under visible light spectrum. This
better photocatalytic can be attributed to eventual creation of electron–hole pairs
via the narrow bandgap illumination. Many variety of Iron (III) oxides have been
anticipated like α-Fe2O3,γ-Fe2O3, α-FeOOH, β-FeOOH, and γ-FeOOH, to degrade
organic pollutants and disinfection of bacteria (Zhong et al. 2017). Moreover, these
materials work in both liquid and gaseous phase, possess good post-reaction separa-
bility, easy to synthesize, high quantum-yield and kinetics, and efficiency, improved
surface area and surface charge transfer (Bandara et al. 1997). These iron oxide NCs
are evocative for new ways for successful manipulation of photocatalytic properties
of iron oxide toward a benign and useful substance in wastewater treatment.

Magnetic iron oxide NC scan be formulated into composites based on TiO2 or
ZnO and othermagnetic nanostructures/minerals with enhanced photocatalytic prop-
erties. Configuration is based on a magnetic core coated with a titania nanoshell
(Iron oxide Core@TiO2/ZnO), which has been reported. Other group includes a
magnetic core, an interlayer of mesoporous SiO2 and titania or ZnO outer shell
(Core@Coating@TiO2/ZnO). Reports regarding composites with surface decoration
using various dopants (Ag/Au/N) have also been explored (Core@(Coating)@TiO2-
doped). Huang et al. reported the utility of Ag/AgBr@CoFe2O4 composites
(250 mg/L) as good antibacterial agents against E. coli under visible light (Huang
et al. 2017). This is based on the Z-scheme pathway for photocatalytic mechanism.
In another report by Ma et al., Fe3O4–TiO2 Nanosheets synthesized using lamel-
lar reverse micelles and solvothermal technique was found to have photocatalytic
antibacterial effect on both E. coli and S. aureus at very less concentration (Ma
et al. 2015). The synthesized photocatalysts were found to be efficient even after five
repeated cycles. According to them, this happens as a result of H2O2 generation by
the NCs, which substantially damages the bacterial membrane and deteriorates the
whole bacteria structure. The antibacterial effects of iron oxide NCs are not restricted
to photocatalysis only. Pairing radiofrequency with magnetic Fe3O4@SiO2–NH2

core–shell NPs may serve as an alternative physical technique for disinfection of
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MDR bacteria. According to the reports by Chaurasia et al., this may serve bene-
ficial in combating biofilm producing bacteria and killing of MDR S. Aureus and
uropathogenic E. coli in less than 30 min (Chaurasia et al. 2016).

However, in spite all the efforts, magnetically separable iron oxide visible light
active photocatalysts find limited application, owing to their lessened photocatalytic
activity and reduced stability at times (Beydoun et al. 2000). Therefore, seeking out
and utilizing the naturally existing magnetic minerals might be a preferred method
to attend this crisis. Studying or mining out the photocatalytic properties of natural
magnetic sphalerite (NMS) is greatly needed for assessing its application in bacterial
disinfection.

Since its discovery from a lead–zinc mine in China, NMS had been directly
utilized for visible light bacterial inactivation (Xia et al. 2013). Xia et al. reported
that with 6 h irradiation of fluorescent light, they could irreversibly inactivate both
Gram-positive S. aureus and Gram-negative E. coli without. The inactivation or cell
damage involves substantial membrane damage and other cellular components as
verified by TEM. Point of contact plays a very crucial role in this inactivation, which
initiates the damage from the cellular membrane. Interestingly, the primary ROS
involved in this study was not like the usual •OH or H2O2, but with superoxide
radical (•O2

−). If we get into more insights of this study, a five cycle repeated run
revealed admirable NMS devoid of a substantial loss in photocatalytic and magnetic
property. Although AAS results confirmed a minute ion of heavy metal leaching into
the system, i.e., Zn2+ (0.17 ppm) and Fe2+ (0.032 ppm) when suspended in bacterial
cell solution for 8 h. Fortunately, other metal impurities were untraceable and the
control experiments do not show toxicity toward cells due to metal ion leakage.
In another report by Peng et al., NMS was used as the photocatalyst against E.
coli, which could be separable and reused using magnetic field (Peng et al. 2017).
Results confirmed with irradiation Blue LED light complete disinfection of 1.5 ×
105 cfu/mL of E. coli could be achieved within 120 min for the first three cycles.
However, the PCD efficiency started to decline in the fourth run, while in the fifth
run just 3.3-log and 3.5-log reduction could be achieved with blue LED and sunlight
respectively. The stability and run dependent loss in photocatalytic properties of
NMS might be blockage of the photocatalyst active sites due to the adsorption of
the degraded bacterial compounds, reducing the probability of light absorption and
charge separation for ROS generation. Their results also showed validation of the
process with other Gram-positive bacteria like S. aureus, Microbacterium barkeri,
and Bacillus subtilis.

Enthused by the good photocatalytic performance of NMS against bacterial
pathogens, the assortment and improvement of efficient alternative materials more
of this kind are immediately needed for lost-cost environmental or water remedia-
tion. However, the problems of ion leaching and narrow activity might restrict their
diverse applications (Xia et al. 2013). Thus, thermally altering themmight be a viable
option to address the crisis. Thermal treatment can repair the crystal lattice defects,
improve their degree of crystallinity and size (Luan et al. 2014), alter the mineral
phase (Aramendía et al. 2008), and possibly help in better remediation of waterborne
bacteria.
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With this regards natural magnetic mineral pyrrhotite photocatalyst was explored
and tailored by thermal treatment (Aramendía et al. 2008). Natural pyrrhotite always
occurred with impurities corresponding to mineral phases like pyrite (FeS2), a semi-
conductor mineral. A pure pyrrhotite sample is a mixture of phases of pyrrhotite-6
T (Fe1−xS, PDF 29-0725)and pyrite (FeS2, PDF 42-1340). A broad absorption band
in the range of 300–800 nm could be observed in case of pyrrhotite, a sign of being
active in both UV and visible light ranges.

The photocatalytic activity of treated pyrrhotite was assessed by photocatalytic
inactivation of E. coli K-12 under visible light. With the best activity conferred
by the pyrrhotite calcined at 600°C, where the PCD rate was nearly three times
higher than that of untreated pyrrhotite. The X-ray diffraction spectra specified
the mineral phase of calcined pyrrhotite was altered to mixed crystallite phases
of hematite-pyrite (Fe2O3–FeS2) composite. So, the escalation in PCD performance
could be attributed to the formation of Z-scheme photocatalysis system composed
of hematite and pyrite which guarantees better electron–hole separation efficiency
and the bactericidal efficiency (Wang et al. 2008).

3 Challenges Associated with Photocatalysis

Throughout the entire lesson, we have been talking about the utility of photocat-
alytic reaction in various forms of bactericidal and photocatalytic efficiency. The
advantages generally include (Saravanan et al. 2017).

(i) Photocatalysis is a renewable alternative for the energy and cost-intensive con-
ventional treatment methods (adsorption on activated carbon and synthetic
resins, ultrafiltration, reverse osmosis, chemical coagulants, ion-exchange
methods, and membranes), with remediation efficiency throughout the day
time in presence of just sunlight and atmospheric oxygen and water.

(ii) Photocatalysis transfer the pollutants from one phase to nontoxic by-products
and secondary wastes unlike conventional treatment measures.

(iii) The photocatalytic process can be applied to various kinds of hazardous
organic, inorganic, and microbial contaminants present in waste water matrix.

(iv) It is a reaction that requires mild conditions, lesser time, and chemical input.
(v) Its versatility can be useful for hydrogen generation, gaseous and aqueous phase

treatments as well for solid-phase treatments moderately.

The limitation of photocatalysis relies on its interfacial charge separation and
charge transfer and delayed recombination of the charge carriers in the form of
electron and holes. These are the key factors controlling the photocatalytic efficiency.

Despite a steady development in the use of photocatalyst technologies in recent
years, some primary scientific questions must be answered before it can be widely
applied and its considerable benefits can be properly exploited.

As per the challenges are concerned, light availability and applicability inmultiple
geographical locations seem to be the greatest challenge. Proficient photocatalytic
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materials found in the literature are metal oxides such as TiO2, ZnO, and CeO2.
When compared with other metal oxides, titanium dioxide (3.32 eV) is considered
better and also a hopeful candidate for the photocatalytic devastation of organic
pollutants due to its high quantum efficiency, high stability in aqueous media, and
nontoxic in nature (Konstantinou and Albanis 2004; Nakata and Fujishima 2012;
Schneider et al. 2014). ZnO andCeO2 which have a similar bandgap of about 3.32 eV
are sometimes preferred over TiO2 for the degradation of organic pollutants due
to its high adsorption properties (Choi et al. 2016; Saravanan et al. 2017; Zhang
et al. 2009). Unfortunately, both TiO2 and ZnO which are highly evaluated for UV
photocatalysis are inactive under visible light due to their wide bandgaps. Resulting
their inapplicability in spite of a readily available source of visible light (almost 46%)
in the form of solar irradiation. Thus, designing the catalyst with lower bandgap is the
need of this era, requiring high throughput engineering skills and mineral and oxide
processing knowledge for achieving higher catalytic efficiency with these materials,
particularly under visible light.

Technical challenges in photocatalyst also persist while modifying them for vis-
ible light activation. When a light absorber is hybridized or merged with an addi-
tional semiconductor/cocatalyst/or mineral/metal oxide, some of the naturally exist-
ing active sites on the light absorber would be blocked by the hybrid components
due the coverage of the hybrid materials being extreme. For example, Zhang et al.
(2015) customized Ag/BiVO4with 4 wt% of Ag loading to find a diminished photo-
catalytic activity than the one with lower Ag loading. Another technical challenge
of hybridized photocatalyst is reduced light absorption due to the hybrid material
shielding phenomenon. This is mainly observed in materials like carbon nanotubes
(Ong et al. 2013) graphene, (Ong et al. 2015) and NiSx, (Yin et al. 2014). Thus, engi-
neering themwith skills is mostly entertained. Recently, the development of optically
transparent guest materials like Co(OH)2/Co3O4,[86g] NiOx, (Morales-Guio et al.
2015) and NiFeOx with the expectation to reduce undesired light shielding. These
materials have proven their worth to be used in photocatalysis. Hybrid materials
also possess risk of faster electron–hole recombination for a wide variety of causes
owing to structural defects and energetic. Wu et al. (2017) reported that photoactive
octahedral Cu2O became inactive after adding ZnO due to unfavorable band align-
ment at the interface between ZnO (101) and Cu2O (111). Thus, the hybrid material
engineering has to be judiciously done to abate misalliances that might led to the
creation of charge traps for momentous recombination (Morales-Guio et al. 2015).

Geographical conditions of a place along with its latitude and longitude coordi-
nates are one of the major challenges faced with photocatalysis technology. Since
the availability of sunlight is utmost near the equatorial region with good amount of
the sunlight flux in the countries locating between tropic of cancer and capricorn.
Photocatalysis has been widely used in many parts of the world with a savior role in
pathogen infested geographical locations of Asia, Africa, and South America. But its
applications are limited in Scandinavian countries where rays of sunlight are inade-
quate. Though the technology could be implemented with artificial light sources, but
problems associated with process economy will be the biggest of questions arising.
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4 Catalyst Poisoning and Long Term Effect on Human
Health, Animal Health and Agriculture

Nanomaterials are extensively being used in the field of medicine and drug deliv-
ery for consumer products and money-making that leads to greater exposure direct
and indirect in humans (Pattan and Kaul 2014). They are often intentionally coated
with biomolecules like protein, DNA and monoclonal antibodies to target human
cells (Lewinski et al. 2008; Nalwa 2014). The new physicochemical properties of
these formulations may begin new means of damage and toxicological effects due
to their disparaging interactions with biological systems and the environment (Ray
et al. 2009; Yan et al. 2016). Albeit not asmuch studied than human health, apprehen-
sion regarding environmental impacts specificallywith ecotoxicology, environmental
chemistry, behavior, and fate are areas of limelight (Zhu et al. 2008). Nanomaterials
might possibly pose a threat to the environment through directly effecting inverte-
brates, microorganisms, aquatic organisms and other species, their interaction with
other pollutants might alter into toxic by-products which are more bioavailable,
altering the dynamics of nonliving environmental bodies like the carbon, nitrogen,
phosphorus, and sulfur cycle (Dhawan and Sharma 2010). Thus, understanding this
phenomenon is a decisive phase for the accountable advance of nanotechnology and
to attain full advantage of its applications. As nanotechnology establishes its worth,
questions are being provoked concerning whether the nanoformulations will be haz-
ardous to the environment and to the health of humans as a whole and whether the
processing will generate new hazards when released into waste streams, and agri-
culture runoffs. Infact, nanomaterials may have significant, unidentified, threats that
might be of threat to the workers in research, industries and laboratory, cleaners
in disposal and waste facilities (Iavicoli et al. 2014) with major areas of exposure
through dermal, respiratory, and gastrointestinal tracts.

In humans, inhalable nanomaterials that have a particle size more than 2.5 μm
have a propensity to deposit in the nose and throat whereas NPs lesser than 2.5 μm
size can locate their way to the upper airways (Alfaro-Moreno et al. 2007). Owing
to their small size, they might possibly pass into the bloodstream through the lungs
and eventually taken up by cells and other organs like liver, spleen, kidney, and
heart (Sturm 2015). Anatase TiO2 metal oxide when modified to fibrous structure of
greater than 15μmwas toxic enough to initiate an inflammatory response by alveolar
macrophages owing to their non-compatible biocompatibility (Hamilton et al. 2009).
Further, the size, i.e., 1 nm, shape, and charge of nanomaterials are the foremost
feature that facilitates their uptake across the gills or gastrointestinal tract of aquatic
and terrestrial organisms (Batley et al. 2012). Wang and their group reported that
photoactivated cerium-doped TiO2 induces apoptosis in Bel 7402 human hepatoma
cells (Wang et al. 2007). NPs like ZnO and sunscreen TiO2 can also induce oxidative
damage to DNA as studied in vitro with human fibroblast cells (Braydich-Stolle et al.
2009; Dunford et al. 1997), demonstrated that 100% anatase NPs, in spite of their
big size, induces necrosis and cell membrane leakage, without the generation of ROS
in contrast to the apoptotic rutile NPs that generate ROS. Thus, it appears that size
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and crystal structure might have a function in NPs mediated cytotoxicity. Lucarelli
et al. (2004) with their in vitro studies reported SiO2 and cobalt (Co) NPs to be
significantly pro-inflammatory in human marrow monocytes (Vale et al. 2016).

The outcome of nanomaterials in the aquatic environment might be influenced
by different factors and processes, such as particle size and charge, aggregation and
disaggregation, diffusion, intra interaction between NPs and natural water organic,
inorganic components, transformation by-products, biotic and abiotic degradation
and photosensitivity (Vale et al. 2016). Currently, nanomaterials are highly suggested
for the application of wastewater treatment due to their extraordinary properties.
Misra et al. (2018) reported clay-based ZnO NCs for photocatalytic disinfection of
MDR microorganisms. The NCs were reported biocompatible against HCT-116 cell
lines at an effective concentration of 200 mg/L, it is shown that about 74% of the
cells survive. The effect of toxicity was also studied on Zebra Fish Model, to have
a better overview of the animal model, where they were reported to be effective,
at a concentration of about 150 mg/L, without creating any visible changes in the
intestinal linings of the fish, signifying its use in the selective disinfection of MDR
specieswithout havingpost threats of aquatic toxicity (Misra et al. 2018). The reduced
toxicity of ZnObasedNCs on plant specieswas also reported byRahman et al. (2018)
where PCD treated water was found to have supportive effects on the germination
of Zea mays (Misra et al. 2018).

Thus, engineering green NCs has been portrayed as the advancement of clean
technologies to lessen possible environmental and human health risks. Also these
compatible nanomaterials should promote the replacement of existing toxic nano
products with novel formulations that are more environmentally friendly throughout
their life cycle and use (Hutchison 2008).

5 Future Perspectives and Practical Applicability
of Photocatalyst Technology

Practical demonstrations of water disinfection using TiO2 and ZnO mediated pho-
tocatalysis using immobilized systems can be found in literature galore and possess
a big challenge. Current scenario of development of photocatalytic WWT processes
dictates that their potential usage at pilot plant scale is still under investigation. Some
pilot plants have been created to obtain probable data in terms of efficiency of treat-
ment, volume-specific site area requirements, power consumption, chemical costs,
and post-process emissions. The heterogeneous photocatalysis and photo-Fenton
plants from pilot plants of Instituto Nacional de Engenharia, Technologia Industrial
e Inovacao, Portugal (INETI) and Plataforma Solar de Almeria, Spain (PSA) have
delivered most of these data for technical evaluation and further modifications. Both
these units have installed compound parabolic collectors with an aperture of 4.16 m2

to harvest the maximum of sunlight and utilize it for PCD applications in batch
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mode. More upgradations in the systems and technology could be made by integrat-
ing ideas from experts in process chemistry, environmental biology, mechanical and
civil engineering (Chong et al. 2010).

In perspective of the Indian subcontinent, putting on such large treatment plants
will be a very hectic task as far as the legislative and economy are concerned. The
above descriptionmight seem very lucrative in addressing one of the key problems of
India, namely, the problem of wastewater treatment. However, there are many oper-
ational challenges that still need to be met, while setting up any treatment plants.
Moreover, the geographical variations of India are a challenge in itself. From the vast
Himalayas that cover the Northern Regions of India to the South Indian Peninsula,
each region is a challenge in itself. To overcome this topographical challenge and to
provide a smooth channel of technology transfer from the bench to the field, a point
of care disinfection device can be proposed. The synthesized biocompatible, inert,
nontoxic, and widely accepted modified clay-based NCs would be used in devel-
oping a potable point of use water purification device particularly for remote areas,
where setting up of water treatment plants is itself a technical confront. The device
will not require external energy other than readily available sunlight sources and
will totally be based on the synthesized photocatalyst immobilized on the surface of
an adsorbent matrixlike commercially available sponges. This may be suggested as
a modification of SODIS mechanism which has saved thousands of life in African
nations (Sciacca et al. 2010). Adsorbent system, when put inside containers along
with water containing bacteria, minor organic, and heavy metal contaminants and
exposed to the sunlight, may lead to remediation of the contaminants based on pho-
tocatalysis and adsorption mechanism. Thus, allowing the residents to directly drink
the water after the 3–4 h treatment. A lot of research is currently into action to find
better advancements to this technology in the form of natural agents and membranes.
It might need engineering, polymer engineering, chemist, clinicians, and statistical
minds for better development. This indigenously proposed technology can indeed
help to curtail the menace spread by drinking polluted water. The technique if imple-
mented could indeed provide a low-cost solution to a rising problem in a developing
country like India, where capital is always a limiting factor. The economics of pro-
duction are good enough and the time required for technology transfer is also less,
making the goal of this process well achievable.

6 Conclusion

In terms of creating a sustainable environment and public health, proper research and
development are needed for designing biocompatible and less expensive photocat-
alyst for large-scale implications. Although photocatalyst like TiO2 and ZnO have
been employed in Spain and Portugal for real-time applications, the “cost factor”
emerges as the biggest challenge. Thus, we are in uttermost need for tracking or
mining of naturally occurring substances that could be explored for PCD applica-
tions. With this regards clay-based photocatalyst, naturally available minerals, and
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iron oxide NCs are gaining much attention due to their robust properties relative to
biocompatibility, catalytic efficiency, stability, post-reaction separability. One such
catalyst based on clay has been successfully used in PCD of Enterobacter sp. by our
group. The clay-based photocatalyst was found to have much better biocompatibil-
ity and possess no ecotoxic effects when threats of animal cytotoxicity and aquatic
toxicity are concerned.

The proposed technology can be one of the cost-effective and technically robust
methods to control enteric microbial pathogens including MDRs. This might pre-
vent the nation from outbreaks of cholera and other diarrheagenic diseases and serve
beneficial for improving the quality of life in both urban and economically back-
ward rural areas. Moreover the proposed technology can be easily translated for
on-field application in the form of a device with proper validation using real hospi-
tal and municipal wastewater system for complete disinfection of MDRs and other
waterborne bacteria. The proposed technology can equally contribute toward gen-
eration of potable water for consumption which finally leads to the overall national
development (Chong et al. 2010).
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Magnetic Nanoparticles: Green
and Environment Friendly Catalyst
for Organic Transformations

Suman Swami and Rahul Shrivastava

Abstract Catalysis by nanoparticles seems an attractive and sustainable alterna-
tive of conventional catalyst systems in organic transformations because of their
small size and larger reactive surface to volume ratio with higher potential for
selectivity. Among the nanocatalysts, magnetic nanoparticles or magnetic core–
shell nanoparticles have gained a significant place due to their paramagnetic nature
facilitates the separation of catalyst through the use of an external magnet which
makes the recovery of the catalyst easier and prevents loss of catalyst associated
with conventional filtration or centrifugation methods. The possibility of reusability
and milder reaction conditions are additional advantages of nanoparticle catalyzed
organic transformations.

1 Introduction

Catalysis is an essential tool in modern science and technology as they meet the
demands of the development of eco-compatible and sustainable chemical processes
which minimize the energy requirements, use and generation of hazardous reagents
and solvents (Govan and Gun’ko 2014). An important demand for a suitable cata-
lyst is their recovery and reusability at the industrial scale, homogenous catalysts
demonstrated their superiority in terms of activity and selectivity but majority of
industrial catalysts remain heterogeneous because of the simplicity of the latter in
tenure of recovery (Hudson 2014). However, in this context nanoparticles seems to
be an attractive and sustainable alternative option in term of high activity, selectivity,
and improved recyclability possibilities. Among nanoparticles magnetic nanopar-
ticles or core–shell functionalized magnetic nanoparticles have received important
place since these MNPs displayed different applications in various domains such
as magnetic resonance imaging, data storage, drug delivery, biomedicine, and bio-
electrochemical sensing (Mornet 2006; Hyeon 2003; Blanco-Canosa 2014; Dele-
hanty et al. 2009). Besides these important applications, the paramagnetic nature of
magnetic nanoparticle simplifies the separation and recovery task and prevents loss of

S. Swami · R. Shrivastava (B)
Department of Chemistry, Manipal University Jaipur, Jaipur 303007, Rajasthan, India

© Springer Nature Switzerland AG 2020
L. Ledwani and J. S. Sangwai (eds.), Nanotechnology for Energy and Environmental
Engineering, Green Energy and Technology,
https://doi.org/10.1007/978-3-030-33774-2_20

477

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-33774-2_20&domain=pdf
https://doi.org/10.1007/978-3-030-33774-2_20


478 S. Swami and R. Shrivastava

catalyst which is generally associatedwith conventional filtrations and centrifugation
methods (Swami et al. 2016).

During the past decade, the application of magnetic nanoparticles (MNPs) in
organic transformation like synthesis of amino nitriles (Kassaee et al. 2011), dibenzo
xanthene derivative (Amoozadeh et al. 2018), friedlander quinoline reaction (Reza-
yati 2016), oxidations of sulfides and oxidative coupling of thiols (Mahyari and
Shaabani 2014), suzuki coupling reactions (Taher 2009), regioselective azidolysis of
epoxides (Sajjadifar 2014), knovengel reaction (Zhang and Xia 2009), hydrogena-
tion of alkynes (Abu-Reziq 2007), bignelli synthesis (Safari and Zarnegar 2014),
epoxidation of alkenes (Kooti and Afshari 2012), etc., rapidly evolved to further
simplify the recovery and reusability of the catalyst with advantages of high product
yield, lesser reaction time, and mild reaction conditions. MNps were classified in
various classes according to nature of the magnetic core utilized for the same pur-
pose. Among oxides, iron oxides (Fe2O3 and Fe3O4) has found wide application in
organic transformations. The use of metal ferrites (MFe2O4, M = Cu, Co, Zn, Mn)
generated by partial substitution of iron by a second metal inside the crystal lattice of
Fe3O4, allow the extension of their catalytic scope, while the iron component contin-
ues to enable magnetic recovery (Hudson 2013). For example CoFe2O4 a magnetic
nanoparticle immobilized diamine-N-sulfamic acid (CoFe2O4@SiO2-DASA) was
synthesized by using chemical co-precipitation method and utilized for the amide
synthesis via Ritter reaction. Reusability of catalyst was evaluated, after completion
of reaction catalyst was recovered by applying strong external magnet followed by
washing with ethyl acetate and dried in vacuum (Zhao 2014) (Scheme 1). Similarly
magnetic CoFe2O4 nanoparticles were also used as a catalyst for the oxidation of
various alkene in the presence of tert-butylhyroperoxide (Kooti and Afshari 2012)
(Scheme 2).

Polyphosphoric acid supported on silica-coated Ni0.5Zn0.5Fe2O4 nanoparticles
for their catalytic application in 5-cyano-1,4-dihydropyrano[2,3-c]pyrazole synthe-
sis. 5-cyano-1,4-dihydropyrano[2,3-c]pyrazole was obtained by the four-component
condensation of hydrazine hydrate, ethyl 3-oxoproponoate, aromatic aldehyde, and
malononitrile in presence of Ni0.5Zn0.5Fe2O4@SiO2-PPA as heterogeneous cata-
lyst. Ni0.5Zn0.5Fe2O4@SiO2-PPA could be recycled after a very simple work up and
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Scheme 1 Synthesis of Amide using CoFe2O4@SiO2-DASA catalyst (Ritter reaction)
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Scheme 2 Oxidation of Alkene using CoFe2O4 MNPs catalyst

reused at least for six runs without appreciable reduction on its catalytic activity
(Moeinpour and Khojastehnezhad 2017) (Scheme 3).

Silane ligand could be achieved as shown in Scheme 4. These synthesized
silane ligand was utilized for functionalization of iron oxide magnetic nanoparticles
(Scheme 5). These synthesized Lys-Chol-Magnetic NPs were used for condensation
of benzaldehyde with malononitrile or ethyl cyanoacetate at room temperature as
depicted in Scheme 6. In the above condensation reaction, NH2 group of amino acid
extracts the proton from the methylene group of ethyl cyanoacetate or malononitrile
to form the corresponding carbanion. Next, the resulting carbanion attacks on the
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Scheme 3 Ni0.5Zn0.5Fe2O4@SiO2-PPA catalyzed the synthesis of pyranopyrazoles
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Scheme 4 Synthesis of silane ligands containing choline amino acid ionic liquid
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Scheme 5 Silanization of iron oxide magnetic nanoparticles
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Scheme 6 Proposed ion-pair mechanism for the Knovengel condensation reaction using Lys-Chol-
MNPs and Gly-Chol-MNPs catalyst

carbonyl group of the benzaldehyde to yield an enol species, which finally offered
the desired product via capturing the proton of the catalyst (del Hierro et al. 2018).

Similarly, a silver supported γ-Fe2O3@HAp-Ag magnetic nanoparticle catalyst
was prepared for coumarin synthesis. These MNps used as magnetically recyclable
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heterogeneous catalysts for the synthesis of coumarin derivatives by one-pot conden-
sation of various phenols with ethyl acetoacetate under solvent and halogen-free con-
ditions. A proposed mechanism for 7-hydroxy-4-methyl-2H-chromen-2-one synthe-
sis from the reaction of ethyl acetoacetate with resorcinol using γ-Fe2O3@HAp-Ag
NPs was depicted in Scheme 7 (Abbasi 2017).

Another case of Fe3O4 nanoparticles is functionalized with calix[4]arene proline
moiety (Calix-Pro-MN) which is used as recyclable organocatalyst in asymmetric
aldol condensation of cyclohexanone and aromatic aldehydes as depicted inScheme8
(Akceylan 2015).

Anothermagnetic nanoparticles Fe3O4@SiO2GMSI-VBIwere prepared via three
step synthetic protocol as depicted in Scheme 9. In the first step Fe3O4 Nps were
synthesized via chemical co-precipitation of FeCl2 and FeCl3 and then these Nps
were coated with TEOS via Stober method. In second step, commercially avail-
able GMSI was reacted with VBI in dry THF to yield GMSI-VBI ligand. Finally
Fe3O4@SiO2GMSI-VBI MNPs obtain by refluxing suspended mixture of GMSI-
VBI and Fe3O4@SiO2 in dry THF. The synthesized Fe3O4@SiO2GMSI-VBI MNps
has prominent advantage compare to other catalysts used for 2,3-dihydroquinazolin-
4(1H)-ones synthesis like shorter reaction time, low catalyst loading, and readily
recovered using external magnet and reused without any treatment with efficient
catalytic activity (Azizi et al. 2017).

A class of magnetic silver nanoparticles were supported over Al2O3 cores and
Fe2O3 shells were prepared successfully as depicted in Scheme 10. Synthesized Ag-
Al2O3@Fe2O3 magnetic nanoparticles used as a catalyst in synthesis of 1,2,3-triazole
and acylation of benzyl alcohol.MesoporousAg-Al2O3@Fe2O3 shows high catalytic
efficiency for synthesis of 1,4-disubstituted 1,2,3-triazole in aqueous medium and
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acylation of benzyl alcohol under solvent-free condition (Basu 2017) (Schemes 11
and 12).

Fe3O4@SiO2 NPs were synthesized by surface modification of Fe3O4 NPs. The
surface modification was carried out by the hydrolysis of tetraethylorthosilicate in
presence of ammonia as shown in Scheme 13, Fe3O4@SiO2 consist of Fe3O4 mag-
netic core and outer shell of SiO2. 1,4-dihydropyridine derivatives were obtain via
one-pot multicomponent condensation of 4-hydroxycoumarine or dimedone, alde-
hydes and ammonium acetate using Fe3O4@SiO2 as reusable heterogeneous cat-
alyst. A plausible mechanism for the synthesis of 1,4-dihydropyridines is shown
in Scheme 14. Initially MNPs bind at carbonyl oxygen atom which increases the
carbonyl activity and makes α-H highly acidic. Thereby this highly acidic α-H facili-
tates the enolization and nucleophilic attack to the aromatic aldehydes for Knovengel
product formation. This Knovengel product further reacted in Michael manner with
another C-H activated molecule to furnish an intermediate, this intermediate offered
target product via ammonia induced cyclization (Dam et al. 2014).

An iron oxide modification, Cu-doped CoFe2O4 magnetic nanoparticles were
synthesized and used in carbon–nitrogen cross-coupling reaction. The Cu-doped
CoFe2O4 synthesis was achieved in four synthetic steps, first step involves synthesis
of cobalt ferrire magnetic, thereafter in next step cobalt ferrite Nps are functionalized
with amine groups. In third step amino propyl silica composite was treated with
furfural and finally furfural grafted amine functionalized cobalt ferrite Nps were
doped with copper by using copper acetate in acetone at room temperature for 24 h
as shown in Scheme 15. The synthesized CoFe2O4@SiO2-NH2-furfural-Cu(OAc)2



Magnetic Nanoparticles: Green and Environment Friendly … 483

Step – I. Synthesis of silica coated Fe3O4 NPs

FeCl2

H2O

pH>7
TEOS

EtOH, NH3

TEOS = Si
O

O

O

OFe3O4 Fe3O4FeCl3+

Silica coating

Step – II. Synthesis of GMSI-VBI ligand

N

N

N

H3C

OH

H3C

NH3

Cl

Cl

Si

O

O

MeO OMe
MeO

N

N

NH3

H3C

N S

O

HO

O

Si
O

O
OH3C+

Cl

LiClO4

Dry THF

Step – III. Synthesis of Fe3O4@SiO2GMSI-VBI MNPs

N

N

NH3

H3C

N S

O

HO

O

Si
OO

O
Cl

Cl

H2C

Fe3O4

THF

60oC

N

N

NH3

H3C

N S

O

HO

O

Si
O

O O
Cl

Cl

H3C

Fe3O4

+

Scheme 9 Synthetic route of Fe3O4@SiO2GMSI-VBI MNPs synthesis

successfully used in Chan-Lam type cross-coupling of benzamide with boronic acid
(Dutta and Phukan 2018).

CuFe2O4 magnetic nanoparticles also used as catalysts for the synthesis of 1,2,4,5-
tetrasubstituted imidazoles via four-component condensation of 1,2-diketone with
an aldehyde, propargylamine and ammonium acetate in aqueous medium. The cat-
alytic activity of CuFe2O4 proceeds via the diamine intermediate formation, which is
formed by the activation of aldehyde carbonyl group by CuFe2O4 magnetic nanopar-
ticles, thereafter condensation of diamine with 1,2-diketone followed by dehydration
and then rearrangement through the imino intermediate yielded the target product as
depicted in Scheme 16 (Ali and Abu-Dief 2015).

A copper supported CuCl2/Fe3O4-TEDETA magnetic nanoparticles prepared for
catalytic application in the synthesis of 2,3-dihydroquinazolin-4(1H)-ones deriva-
tives. The CuCl2/Fe3O4-TEDETA MNps were prepared by using four-step syn-
thetic protocol as depicted in Scheme 17. In the first step Fe3O4 MNPs were
prepared by co-precipitation of Fe2+ and Fe3+ using NH3 solution, then in sec-
ond step the 3-aminopropyltriethoxysilane added was adsorbed onto the surface
of the Fe3O4 nanoparticles and form coordination bond with hydroxyl group,
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thereafter the obtained amino-coated Fe3O4 nanoparticles were reacted with acry-
loyl chloride led to acryloxy groups-functionalized magnetic Fe3O4 nanoparticles.
These acryloxyl groups-functionalized magnetic Fe3O4 nanoparticles reacted with
tetraethyldiethylenetriamine to get Fe3O4-TEDETA Nps. Finally, the complexes
CuCl2/Fe3O4-TEDETA were prepared by the reactions of copper(II) chloride with
the individual ligands MNO-TEDETA ethanol. These synthesized CuCl2/Fe3O4-
TEDETA used as catalyst in condensation of 1-aminobenzamide with aldehyde to
afford the corresponding 2,3-dihydroquinazolin-4(1H)-one derivatives in excellent
yield at reflux conditions (Ghorbani-Choghamarani and Norouzi 2014).
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In another example, 2-hydroxyethylammonium sulphonate immobilized on γ-
Fe2O3 nanoparticles for the preparation of Fe2O3-2HEAS magnetic nanoparticles
as depicted in Scheme 18. Initially, in the first step γ-Fe2O3 obtain by chemical co-
precipitation of ferrous and ferric in alkali solution, thereafterγ-Fe2O3 enrichwith the
hydroxyl groups using ammonium hydroxide and finally 2-hydroxyethylammonium
sulphonate immobilized on γ-Fe2O3 by using ethanolamine precursor. These Fe2O3-
2HEAS used for the synthesis of 2-amino-3,5-dicarbonitrite-6-thio-pyridines from
aliphatic aldehydes or thiols (Sobhani and Honarmand 2013).

Fe3O4 magnetic nanoparticles lead an organic transformation 5,5-disubstituted
hydantoin from multicomponent reactions of carbonyl compounds, potassium
cyanide, and ammonium carbonate in solvent-free conditions. Fe3O4 MNPs works
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as reusable heterogeneous catalyst in this transformation (Safari and Javadian 2013)
(Scheme 19).

Similarly, Fe3O4 magnetic nanoparticles also employed as catalyst in the synthesis
of 1,4-dihydropyridine and polyhydroquinoline derivatives as shown in Scheme 20.
A proposedmechanism also depicted in Scheme 21 for the catalytic activity of Fe3O4

MNPs in polyhydroquninolines synthesis. Basically it involves knovengel condensa-
tion of aldehydes and active methylene compounds and subsequently Michael type
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Scheme 19 Synthesis of hydantoin derivatives by using magnetic Fe3O4 nanoparticles under
solvent-free conditions
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addition of intermediated formed as shown in Scheme 21. The role of catalyst comes
in steps 1 where it catalyzes the Knoevenagel type coupling of aldehydes with active
methylene compounds and in steps 3 where it catalyzes the Michael type addition of
intermediates to give product (Nasr-Esfahani 2014).

In continuation of magnetic nanoparticle catalyze organic transformation,
a sulfonic acid-functionalized silica-coated CuFe2O4 magnetic nanoparticles
(CuFe2O4@SiO2-SO3H) employed for 2-pyrazole-3-amino-imidazo-fused poly-
heterocycles synthesis. CuFe2O4@SiO2-SO3H Nps were prepared by adopting a
multistep reaction procedure as shown in Scheme 22. Firstly, CuFe2O4 nanoparticles
were prepared via chemical co-precipitation ofCu(CH3COO)2·H2O andFeCl3·6H2O
in alkali medium. Thereafter silica coating was achieved using sol-gel process with
TEOS in ammonium medium. Finally, silica-coated magnetic CuFe2O4@SiO2 were
functionalized with chlorosulfonic acid which yielded CuFe2O4@SiO2-SO3H mag-
netic Nps. Resulting CuFe2O4@SiO2-SO3H serve as reusable catalyst for the 2-
pyrazole-3-amino-imidazo[1,2-a]pyridine derivative synthesis via four-component
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Scheme 22 Synthesis of sulfonic acid-functionalized silica-coated CuFe2O4 magnetic nanoparti-
cles (CuFe2O4@SiO2-SO3H)
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condensation reaction of 2-aminoazine, alkyl-4-formyl-1-substituted phenyl-1H-
pyrazole-3-carboxylate and isocyanides in ethanol (Swami et al. 2016) (Scheme 23).

Similarly, a carbon nanotube supported CoFe2O4/CNT-Cu magnetic nanoparti-
cles were used in 3-nitro-2-arylimidazo [1,2-a]pyridines synthesis. CoFe2O4/CNT-
Cu Nps offer a reusable catalytic activity for 3-nitro-2-arylimidazo [1,2-a]pyridines
synthesis via a three-component reaction of 2-aminopyridines, aldehydes, and
nitromethane in PEG 400 under aerobic conditions as shown in Scheme 24 (Zhang
2016).

Another example of ferrite magnetic nanoparticle in organic transformation is
CuFe2O4 Nps, these Nps are magnetically recoverable and reusable catalyst for the
synthesis of 5-substituted 1H-tetrazoles. A variety of aryl nitriles undergoes 2 + 3
cycloaddition in the presence of CuFe2O4 magnetic Nps as shown in Scheme 25,
CuFe2O4 provides mild reaction condition, excellent yield, and reusability around
five-times without losing catalytic efficiency (Sreedhar et al. 2011).
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Scheme 26 One-pot synthesis of 2-amino-4H-chromenes catalyzed by Fe3O4-chitosan magnetic
Nps at 50 °C under ultrasound irradiation

Similarly, a ferrite magnetic Fe3O4-Chitosan nanocatlyst used for synthesis of 2-
amino-4H-chromones derivatives. These magnetic nanoparticles allow synthesis of
2-amino-4H-chromones derivatives under ultrasound irradiation in shorter time with
excellent yield. A plausible mechanism for the formation of 2-amino-4H-chromenes
is also depicted in Scheme 27, in which free hydroxyl groups on the surface of
chitosan of Fe3O4-Chitosan nanocatlyst play a significant role in increasing elec-
trophilic character of the aldehyde so that carbonyl group of aldehyde could activate
for Knovengel condensation with malononitrile. Thereafter resulting intermediate
which is formed through Knovengel condensation of aldehyde and malononitrile,
further via Michael addition to form an intermediate (transition sate). This interme-
diate proceeds through cyclization to yield target 2-amino-4H-chromones derivatives
(Safari and Javadian 2015) (Scheme 26).

In the connection of magnetic nanocatalyzed organic transformation, a mag-
netic core–shell Fe3O4@SiO2-Au/Cu nanoparticles were prepared for the catalytic
performance in Ullmann coupling reaction of bromamine acid. As depicted in
Scheme 28, initially the surface of silica-coated Fe3O4@SiO2 was first function-
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Scheme 27 Plausible mechanism for Fe3O4-Chitosan catalyzed one-pot synthesis of 2-amino-4H-
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alized with amino groups using 3-aminopropyltriethoxysilane, thereafter Au and
Cu Nps were separately synthesized by direct reduction method using HAuCl4 and
CuSO4 as precursors, trisodium citrate dehydrate as the capping agent and NaBH4

as the reducing agent. The sequential adsorption of Au and Cu Nps on Fe3O4@SiO2

gave the Fe3O4@SiO2-Au/Cu nanoparticles. The good dispersion of Au/Cu Nps on
Fe3O4@SiO2 surface provides high catalytic efficiency for the synthesis of 4,4′-
diamino-1,1′dianthraquinonyl-3,3′-disulfonic acid from bromamine acid as shown
in Scheme 29 (Gao 2018).

2 Conclusion(s)

In this chapter, we discussed the catalytic advantage of magnetic nanoparticle over
the homogeneous catalyst in organic synthesis due to their simplicity of the latter
in tenure of recovery. We also discussed synthesis of various magnetic or magnetic
core–shell nanoparticles by different approaches and their uses as catalyst in dif-
ferent organic transformations with advantages of easy separation, milder reaction
conditions, and reusability.
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A Comprehensive Characterization
of Stress Relaxed ZnO Thin Film
at Wafer Level

Priyanka Joshi, Jitendra Singh, V. K. Jain and Jamil Akhtar

Abstract The chapter goes onto explore the impact of sputtering parameters on
structural, optical, and mechanical properties of reactive magnetron sputtered ZnO
thin film. Stress relaxed and room temperature deposited ZnO film is highly desirable
from fabrication aspects. Oxygen partial pressure is varied from 30 to 60% and c-axis
oriented ZnO (002) thin films are prepared at room temperature. The stress varies
in −0.06 × 109 to −2.27 × 109 dyne/cm2 range, and compressive in nature. A
detailed characterization of ZnO sputtered film is carried out in order to correlate the
mechanical, structural, and optical properties of thin film. A theoretical model has
been proposed to understand the consequences of oxygen-induced stress in ZnO thin
films. It is established that nearly stress-free, single-phase, and highly c-axis oriented
ZnO thin film can be deposited using a unique combination of sputter parameters.

Keywords Zinc oxide · Characterization · Stress · Sputtering · Oxygen partial
pressure

1 Introduction

Zinc Oxide (ZnO) is a versatile material and exhibits semiconducting, optical
and piezoelectric properties (Ozgur et al. 2005) Micro-electro-mechanical systems
(MEMS) based devices require ZnO thin films as a functional layer for sensing and
actuation applications. ZnO can be integrated into variety of devices such as acoustic
resonators, sensors, optical waveguides andmicrowave filters (Wang and Song 2006;
Joshi et al. 2018, 2019). Stress relaxed and room temperature deposited ZnO film is
highly desirable from fabrication aspects (Baraki et al. 2014; Fu et al. 2010; Garde-
niers et al. 1998). Further, ZnO is a green material and compatible to semiconductor
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manufacturing process. Sensing and actuation properties of ZnO thin film strongly
depend on the crystalline structure of ZnO film. Menon et al. (2011) deposited ZnO
films on silicon and glass substrate and discussed origin of stress. The crystalline
structure depends on growth parameters such as sputter pressure, ambient tempera-
ture, gas flow rate, and target substrate distance, etc. (Menon et al. 2008; Singh et al.
2007). Over the past decades, ZnO thin film and its different properties have been
researched extensively. Singh et al. (2015) directly measured the stress of ZnO film
by curvature method and correlated with the ZnO optical properties. Ondo-Ndong
et al. (2003) prepared the ZnO films using metallic zinc target and effect of process
parameters on film properties was analyzed. Rao et al. (2009) investigated the effect
of stress on optical band gap of ZnO and the thin filmswere prepared by spray pyroly-
sis method. Ashrafi et al. (2004) deposited epitaxial ZnO layers on 6H-SiC substrates
and analyzed strain relaxation effect on exciton resonance. Epilayers of GaN on Si
(111), 6H-SiC (0001) and c-plane sapphire were grown by Zhao et al. (2003) and
stress effect on optical properties was studied. Maniv et al. (1982) reported that the
sputtering pressure and incidence angle affect the reactive ZnO layers. Nucleation
and growth of AlN thin films were investigated and influence of process parameters
was explored (Engelmark et al. 2000; Iborra et al. 2004). Loebl (2003) investigated
AlN c-axis orientation effect on Electromechanical coupling coefficient. With opti-
mal sputter deposition parameters stress-free ZnO thin film was obtained (Drese and
Wuttig 2005; Krupanidhi and Sayer 1984). Jou et al. (1992) used sputter pressure
17 mTorr and Ar oxygen ratio 1:1 for stress-free ZnO thin films. Though, residual
stress also affects the optical properties of ZnO thin films (Ghosh et al. 2004; Shan
et al. 1996). The Band gap of ZnO film shows red/blue shift with increasing com-
pressive/tensile biaxial stress. Li et al. (2007) estimated tensile stress in ZnO films
deposited on quartz by X-ray diffraction technique and a blue shift was observed in
optical band gap with increasing tensile stress. Mohanty et al. (2009) investigated
the thickness-dependent stress in ZnO films on Si/SiO2 and found compressive stress
~−2.0 × 1010 dynes/cm2 in ~1 μm thick films. It is very useful to investigate the
change in lattice constants with residual stress. Ping et al. (2012) reported that lattice
constant(c) has linear relation with compressive stress. Rieger et al. (1996) explored
the influence of biaxial compressive stress on optical band gap and lattice constant
of GaN thin film. With increasing biaxial compressive stress, band gap (blue shift)
as well as lattice constant increases.

Further, stress relaxed ZnO thin film shows enhanced performance and resulting
devices are highly reliable and reproducible (Ashrafi et al. 2004; Maniv et al. 1982;
Trodahl et al. 2006). Device yield and long term reliability can be improved by stress
engineering. In-plane stress primarily produced in ZnO thin films caused by the
conditions imposed by underlying substrate and ambient conditions. Large in-plane
stress develops in ZnO thin films due to intrinsic or extrinsic effects (Ondo-Ndong
et al. 2003; Rao et al. 2009). Usually, MEMS devices consist of metal, dielectric,
and functional multilayers. Consequently, to avoid multilayer’s inter-diffusion, ZnO
processing temperature must be low (Mass et al. 2003). Sharp, clean, and crack-free
interfaces are highly desirable for long term reliability of MEMS devices. Further,
when MEMS devices are exposed to high ambient temperature, there is a possibility
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to develop cracks or fracture in multilayer stack due to the thermal coefficient of
expansion (TCE) mismatch. Therefore, an industrial process is required to deposit
the ZnO thin film at room temperature (Iborra et al. 2004; Engelmark et al. 2000).
Usually, thin-film stress is estimated by X-ray diffraction technique (Conchon et al.
2010) and this process is only applicable to crystalline films. X-ray diffraction is an
indirect method and only provides local information about a small area of a sample.
Nevertheless,wafer curvaturemethod is a directmeasurement technique andprovides
overall information about the measuring wafer. The resulting information is more
precise and based on bow of the wafer. Moreover, the wafer curvature method is also
applicable to amorphous thin films.

Although the effect of sputter partial pressure has been performed earlier (Menon
et al. 2011; Singh et al. 2015) however, the influence of oxygen partial pressure on
as-deposited ZnO thin film’s structural, optical, and mechanical properties has never
been investigated in detail. In the present work, we report on the role of oxygen partial
pressure (RO2) and stress measurement of ZnO thin film using the wafer curvature
method. By analysis, it was found that stress variation depends on the oxygen partial
pressure. At low RO2, oxygen defects are prominent and responsible for in-plane
residual stress. Experimentation has been carried out to obtain minimal stress ZnO
film, which is highly desirable for the fabrication of ZnO based MEMS devices.

2 Experimental Procedure

Single crystal Si (100) wafers were cleaned by a standard semiconductor cleaning
process. Wafers were boiled in organic solvents such as trichloroethylene, acetone,
and methanol and followed by rinsing with deionized (DI) water. Organic residues
were removed in piranha (H2SO4:H2O2 = 5:1) solution. After Piranha dip, thin layer
of oxide was grown over the Si surface and it was removed in 2% HF solution and
thenwafers were rinsedwithDIwater. Driedwafers were loaded in oxidation furnace
for ~1 μm thick thermal silicon oxide (SiO2) growth. The SiO2 layer works as an
isolation layer between underlying Si substrate and ZnO film. Reactive magnetron
sputtering systemwas used for the growth ofZnOfilm.The base vacuumof sputtering
chamber was achieved at ~2×10−6 Torr. The oxygen partial pressure ratio (RO2) is
defined as RO2 = PO2/(PO2 + PAr)× 100%, where PAr and PO2 are argon and oxygen
partial pressure, respectively. This ratio was varied in 30–60% range by controlling
Ar + O2 gas flow.

The ZnO film thickness was ~0.8 μm and retained the same in all the samples.
The industrial sputtering process was established up to 6-in. diameter wafer and
optimal processing parameters are listed in Table 1. Stress was measured using dual
laser switching technology. Crystalline structure and surface morphology of ZnO
thin film were investigated by Bruker X-ray diffractometer (XRD) and atomic force
microscopy (AFM). To measure the optical band gap, ZnO film was deposited on
SiO2/glass substrate and transmittance spectra was recorded using high sensitivity
3600 UV-VIS-NIR Spectrophotometer (wavelength range 200–1100 nm). Raman
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Table 1 Sputtering
parameters for ZnO thin film
deposition

Sputter target 6′′ diameter metallic Zinc
(purity 99.99%)

Substrate Si/SiO2 (1 μm)

Target to substrate distance 11 cm

RF power (13.56 MHz) 400 W

Sputtering gas Ar + O2 (varying)

Deposition rate 0.81–0.86 Å/s

Sputtering pressure 20 mTorr

Substrate temperature Room temperature

spectroscopy was used for vibrational phonon studies. Fourier transform infrared
spectroscopy (FTIR) spectra of ZnO samples were measured using Tensor 37 FTIR
spectrometer in 300–4000 cm−1 range.

3 Results and Discussion

In-plane ZnO film stress was measured using the wafer curvature method. Initially,
SiO2/Si bare wafer was scanned and wafer curvature (R) was measured as shown in
Fig. 1a. Subsequently, ZnO film was deposited by varying oxygen partial pressure
(RO2) and stressmapping profiles are shown in Fig. 1b–e. The oxygen partial pressure
(RO2) was varied in 30–60% range. In all the cases ZnO film thickness was similar
~0.8 μm, to rule out the effect of film thickness on film stress. It is clearly noted
that there is a change in wafer curvature due to the deposition of ZnO thin film. Film
stress

(
σ f

)
is given by Stoney’s equation (Stoney 1909; Kunj and Sreenivas 2016)

as follows:

σ f = EsD2
s

6(1 − νs)
· 1

d f
· 1

R
(1)

where Es is substrate’s Young’s modulus, νs is substrate’s Poisson ratio, Ds is sub-
strate’s thickness, d f is the thickness of film and R is radius of curvature. Exper-
imentally, stress was found in −0.06 × 109 to −2.27 × 109 dyne/cm2 range and
compressive in nature. The maximum stress was obtained for RO2 = 30% deposited
films. The mechanical properties of reactive magnetron sputtered films are very sen-
sitive to deposition conditions. At lower oxygen pressure, ZnO films are metallic
in nature due to the deficiency of oxygen content. With the increase of RO2, more
oxygen content is available to react with sputtered zinc and it results in stress relaxed
films.With increase in RO2 ≥ 40%, stress is minimized and indicates growth of stress
relaxed film. Usually, at lower oxygen partial pressure (RO2 = 30%), ZnO films are
oxygen-deficient and results in higher compressive stress. Conversely, when ZnO
films are grown at higher oxygen flow rates, i.e., RO2 ~ 50 and 60%, deposition rates
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Fig. 1 a–e Film stress mapping profile of ZnO thin film for varying oxygen content

are reduced as well as stoichiometry of ZnO thin films is not balanced which again
causes in-plane stress. Therefore, optimal process conditions are desired for good
quality stress relaxed ZnO thin films. As discussed, wafer curvature changes with
RO2 according to Eq. (1) and Fig. 2 shows the accumulated wafer curvature due to
SiO2 and ZnO layer depositions. The SiO2 film showed nearly similar compressive
stress (~− 1.6× 109 dyne/cm2) in all the wafers. Successively, ZnO layers (~0.8μm)
were grown and accumulated curvature is shown in Fig. 2. It is found that 30% RO2
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Fig. 2 Accumulated
curvature variation of bilayer
deposition ZnO/SiO2 over Si
Substrate

film has shown large change in curvature due to the high compressive stress in ZnO
film.

Figure 3 depicts the X-ray diffraction result of ZnO thin film with varying oxygen
partial pressure. The effect of sputter pressure has already been established (Singh
et al. 2015) and same was maintained in all the cases. In diffraction pattern, only
strong peak corresponding to ZnO (002) was observed, which indicates that ZnO
films are highly c-axis oriented and having wurtzite crystal structure. It is known
that surface free energy is minimal in wurtzite structure and therefore, ZnO films are
grown along the c-axis direction. For RO2 = 30%, XRD 2θ peak was found at 34.49°,
indicates that grown film is under compressive stress, which is also consistent with
the film stress measurement result. The ZnO film deposited at RO2 = 30%, shows
lower c ~ 5.194 Å values, compared to bulk ZnO (c ~ 5.20 Å).

So, the ratio of c/a ~ 1.6 is no longer maintained and shrinks along the c-axis
direction (Kunj and Sreenivas 2016). As a consequence, the lattice parameter in the

Fig. 3 X-ray diffraction
profile of ZnO thin film
prepared at varying oxygen
flow (30–60%)
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basal plane is expanded to maintain the unit cell volume. This distortion in the unit
cell results in higher stress (−2.27 × 109 dyne/cm2). This is probably due to the
extensive bombardment of energetic particles on the film surface at higher sputter
rate and excessive presence of metallic Zn in ZnO thin film. At higher RO2 = 40%,
XRD 2θ peak is shifted to lower 2θ angle and stress relaxed films were obtained.
With further increasing oxygen flow from 40 to 60%, ZnO thin film shows increase
in stress (−0.41 dyne/cm2) due to the presence of excessive oxygen. At higher RO2 >
40%, XRD (002) peaks show shift towards lower 2θ angles (34.46°–34.38°), which
again indicates in-plane stress.

Surface morphologies were investigated by using an atomic force microscope
(AFM) and 2D Figures (1 μm × 1 μm) are shown in Fig. 4. It is clearly noticed that
films are smooth and surface roughness reduces from 5.33 to 4.61 nmwith increase in
oxygen partial pressure. The grain size was measured using image analysis software
and it tunes with the oxygen content. The uniform grains of small size (~66.6 nm)
were obtained for film deposited at RO2 = 30%. As RO2 increased to 40%, grain size
was also increased (~95.5 nm) and shows circular, uniform distribution of grains,
which indicates that the oxygen flow has major effect on micro-structure properties.
Further increase in oxygen flow (50 and 60%), shows more uniform distribution of

Fig. 4 a–d AFM images (1 × 1 μm2) of magnetron sputtered ZnO thin films at different oxygen
partial pressure
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Fig. 5 Variation of a grain size and RMS roughness with oxygen partial pressure, b stress and
oxygen content (at.%) with oxygen partial pressure

grains due to the reduced growth rate at higher oxygen flow. Therefore, grain size and
surface roughness are strongly dependent on the partial flow of oxygen gas (Menon
et al. 2011; Singh et al. 2007, 2015).

Figure 5a shows the variation in grain size and RMS roughness decreases with
increasing oxygen partial pressure. For oxygen flow up to 40%, the grain size was
increased due to the grain growth mechanism. Further, increase in RO2 i.e. >40%,
should be noted that higher oxygen flow does not allow for the growth of large grain
particles. The RMS roughness of ZnO thin film decreases with increasing oxygen
partial pressure due to the slower growth rate.

Figure 5b shows the stress variation with oxygen content. As discussed, low
oxygen content (30%) films have the highest compressive stress. As the oxygen
content was increased, ZnO films become nearly stress relaxed as shown in Fig. 5b
and with further increasing the oxygen flow (>40%), stoichiometry of ZnO is no
longer maintained and induces small in-plane stress. The oxygen content in ZnO
films was measured using energy dispersive X-ray (EDX) measurement and it was
found that oxygen content in ZnO thin films is increased with the oxygen partial
pressure indicates that more oxygen is incorporated in the ZnO crystal structure.

Further, ZnO thin film stoichiometry was indirectly evaluated by observing the
UV-VIS-IR transmittance spectra. Figure 6a–b showsUV-Visible transmittance spec-
tra and plot of (αhυ)2 with photon energy (hυ) for band gap measurement of ZnO
thin films prepared at various oxygen flow. All the samples revealed good optical
transmittance in the visible range. It was noticed that the transmittance keeps on
increasing with the increase in oxygen partial pressure.

ZnO film, being a direct band gap semiconductor has an absorption coefficient
α (cm−1), which obeys the following relation for high photon energies (Tauc et al.
1966; El Zawawi and Abd Alla 1999):

(α)2=β(hν−Eg) (2)

where β is energy independent constant, h is Plank’s constant, Eg is optical band
gap and ν is the frequency of the incident photon. The absorption coefficient (α) is
determined from the transmittance spectra and related to the photon energy as given
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(a) (b)

Fig. 6 a UV-Visible transmittance spectra, b plot of (αhυ)2 versus photon energy (hυ) for band
gap measurement of ZnO

by

α = 1

d
ln

1

T
(3)

where d and T are thickness and transmittance of ZnO thin film, respectively. We
assume that the absorption coefficient is correlated with the direct band gap of the
wurtzite structure. By extrapolating the straight line portion at zero absorption coef-
ficient of (αhν)2 versus photon energy (hν) gives information about the band gap
energy (Eg) (Zhou et al. 2012; Orikasa et al. 2008). The oxygen flow is responsible
for tuning in band gap of ZnO films. In fact, there is a change in film stress due to
oxygen flow. With the increase in oxygen flow, the fundamental absorption edge is
shifted towards the shorter wavelength and band gap (Eg) is increased. In the case of
30% RO2, ZnO film exhibits lower transmittance which may be due to the presence
of oxygen vacancies. Here, defect-related electronic states may be originated in the
band gap and which can be associated with the oxygen vacancies and Zn interstitials.
The band gap of ZnO thin film is increased from 3.19 to 3.21 eV with increasing
oxygen partial pressure (Wang et al. 2016). The comparative study of ZnO film in-
plane stress, 2θ peak position, 2θ—FWHM, band gap (Eg), RMS roughness and
FTIR—FWHM are shown in Table 2.

Zinc oxide is a wurtzite hexagonal crystalline structure and related to C4
6v space-

group symmetry. According to group theory, phonon modes exist for 2E2, 2E1, 2A1,
and 2B1 symmetries. Here, as observed deposited ZnO film is highly c-axis oriented.
The B1 symmetry mode shows Raman and FTIR response. The non-polar modes
E2 (high) and E2 (low) show only Raman response. E2 (high) mode is associated
with the vibration of oxygen sublattice and E2 (low) is related to the vibration of Zn
sublattice. The other modesE1 andE1 are polar modes and composed of longitudinal
optical (LO) and transverse optical (TO) phonon modes, where A1 phonon vibration
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Table 2 Experimentally measured and estimated ZnO thin film parameters

RO2 =
PO2/(PO2 +
PAr) ×
100%

Stress ×
109

(dyne/cm2)

XRD 2θ
(degree)

XRD 2θ
FWHM
(degree)

Band
gap
(eV)

RMS
roughness
(nm)

FTIR
FWHM
(cm−1)

30 −2.27 34.49 0.3589 3.192 5.33 20.3

40 −0.06 34.42 0.3607 3.2 4.93 19.4

50 −0.16 34.40 0.37 3.203 4.73 18.3

60 −0.41 34.38 0.3798 3.203 4.61 13.0

is parallel to polar (c-axis) andE1 is perpendicular (Karthikeyan et al. 2016; Arguello
et al. 1969; McCluskey and Jokela 2009).

Figure 7 shows the Raman spectra of ZnO thin films for various oxygen flows.
It can be seen that E2 (high) and E1 (low) modes corresponding to ZnO thin film
are present in the figure and some Raman peaks are also there which correspond to
Si substrate. The intense sharp peak at 437 cm−1 and a very weak peak at around
585 cm−1 are observed for all the samples and assigned to the ZnO E2 (high) mode
and E1 (LO) mode, respectively (Agarwal et al. 2006; Damen et al. 1966). At all the
oxygen contents, ZnO thin filmexhibited a dispersedE1 (LO) peakwith low intensity.
In addition, no frequency shift was observed in E1 (LO) Raman peak with increasing
oxygen partial pressure. It is believed that the appearance of E1 (LO) mode in the
Raman scattering is associated with the presence of oxygen vacancies and interstitial
zinc and their complexes. According to reports, theE2 (high) mode is associated with
the characteristic band of ZnOwurtzite structure and demonstrates that the films have
c-axis preferred orientation. With increasing oxygen flow (30–60%), there is lower
frequency shift observed for E2 (high) phonon mode.

It is reported that theE2 (high) peak had a close relationshipwith the intrinsic stress
in ZnO thin film (Menon et al. 2008; Singh et al. 2007, 2015). Additionally, if tensile
stress occurs in the film, the E2 (high) peak shifts towards the lower frequencies and

Fig. 7 Raman spectra of
ZnO films under varying
oxygen content (30–60%)
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if compressive stress in the films exists, it shifts to higher frequencies compared to
the bulk value of ZnO E2 (high) mode (437 cm−1) (Damen et al. 1966; Zhang et al.
2003).Therefore, theRaman result is supportedby theX-raydiffractionmeasurement
results where stress was confirmed by crystal structure.

The FTIR spectra of ZnO samples were measured in the range of 300–1600 cm−1

and shown in Fig. 8. The spectrum shows several peaks corresponding to sample
layers in all the four cases. For RO2 = 30–60% oxygen in the chamber, the existence
of distinct characteristic absorption peaks are observed at ~413 cm−1 and ~461 cm−1

due to the ZnO stretching vibrations (Yang et al. 2009; Ivanova et al. 2010). The peak
at ~609 cm−1 is due to the existence of local vibrations of the substituted carbon in
the Si crystal lattice (Singh et al. 2007). The sharpest IR peak at ~1093 cm−1 is
attributed to the stretching frequency of Si-O bond. From the result, it is evident that
sample with 60% oxygen content has the highest absorbance. It is noticed that the
position of 609 cm−1 and 810 cm−1 remain almost the same when RO2 in the process
chamber increases from 30 to 60%.With the increase of RO2, the position of IR peaks
for ZnO stretching vibrations is also changed. It can be seen that ZnO stretching bond
splits into two peaks positioned at ~413 and ~461 cm−1 (Sun et al. 1999; Laidani
et al. 1993). FWHM of FTIR peak is found to be decreased from 20.3 to 13 cm−1

with increasing the oxygen flow. This also indicates that ZnO film crystallinity is
improved with the oxygen flow and the analysis is supported by XRD result.

For acquiring better understanding, stress generation mechanism has been
explained with the effect of oxygen partial pressure. Figure 9a–c illustrates the effect
of oxygen partial pressure on hexagonal wurtzite ZnO. The substrate bonding struc-
ture in presence of (a) low RO2 (<40%), (b) moderate RO2 (~40%) and (c) high RO2

(>40%) are shown in Fig. 9. Commonly, stress is generated between deposited thin
film and substrate due to the crystalline imperfection like dislocations, point defects,
and grain boundaries. For ZnO thin films, presence of excessive Zn or O atoms
may inhibit Zn and O proper stoichiometry which further interrupts the crystalline

Fig. 8 FTIR spectra of ZnO
thin films under varying
oxygen content (30–60%)
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Fig. 9 a–c Effect of oxygen partial pressure on hexagonal wurtzite ZnO with substrate bonding
structure in presence of a low, b moderate and c high oxygen contents

growth of ZnO lattice. Therefore, change in crystal lattice parameters generates in-
plane stress between ZnO and substrate atoms. Figure 9b represents ZnO crystalline
stress relaxed growth in presence of moderate oxygen partial pressure (~40%). This
moderate oxygen pressure provides perfect hexagonal wurtzite growth and proper
Zn/O stoichiometry. At higher oxygen partial pressure (>40%), excessive oxygen
might be incorporated in the ZnO lattice and distort the crystal structures as shown
in Fig. 9c.

All polycrystalline single-phase ZnO films have shown oxygen partial pressure
dependent physical properties and require precise control of processing parameters
to obtain high-quality ZnO thin films.

4 Conclusion

Stress relaxed and highly c-axis oriented single-phase ZnO thin film was deposited
at room temperature using reactive sputtering process. The crystalline structure and
mechanical stress of vacuum-deposited films are very sensitive to deposition con-
ditions. The oxygen flow in the chamber (30–60%) was varied to tune the physical
properties. It was found that stress varies in −0.06 × 109 dyne/cm2 to −2.27 × 109
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dyne/cm2 range as a function of oxygen partial pressure. The residual stress strongly
depends on the processing parameters and nearly stress-free films are obtained using
a unique combination of sputter parameters. The mechanical, structural, and optical
properties are correlated. Low-stress ZnO piezoelectric films are highly desirable for
MEMS device applications.
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Abstract This chapter focusses on how the microstructurally engineered ceram-
ics can be successfully used for environmental applications, e.g., in development of
materials that can be used for treatment of industrial wastewater. Industrial wastew-
ater comes from mainly iron and steel industries, textile, and leather industries, as
well as paper and pulp industries. Other contributors to this scenario are non-ferrous
metals, chemicals, mining, petrochemicals, and refineries. Microelectronics as well
as the pharmaceutical industries also contribute. It is well known that industrial
wastewater contains toxic ions and dyes. When such contents cross the permissible
limit it may become an issue of major environmental concern. The present work
demonstrates that by using the microstructurally designed, phase pure Mg(OH)2
nanoplatelets 99.99% adsorption of the toxic Cu(II) ion can be achieved. Further, it
is shown that phase pure micro-dumbbell shaped three dimensional, self-assembly
of Mg(OH)2 nanoplatelets can degrade MB dye with 98% efficacy. The mechanisms
behind such extraordinary capabilities of engineered nanoceramics are discussed.
The implications of such developments for futuristic industrial wastewater treatment
is also focused on.
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1 Introduction

Wastewaters are conventional effluents from industrial activities. These wastewaters
often contain toxic ions and dyes. There is a high possibility that toxic agents in
the wastewater are beyond the limit that can be permitted. In such cases people
exposed to such situation may get endangered. This danger can be reduced by using
the microstructurally designed nanoceramics and grapheme oxides (Ruíz-Baltazara
et al. 2019; Zhao et al. 2011). Considering the scientific, technological, and societal
impact of this issue a brief literature survey is conducted. The literature survey (Chen
and Song 2013; Heidari-Chaleshtori and Nezamzadeh-Ejhieh 2015; Hua et al. 2012;
Jiang et al. 2015; Khan et al. 2014; Kuwahara et al. 2013; Li et al. 2014; Liu et al.
2013, 2015;Ma et al. 2015; Ray et al. 2015; Shaw et al. 2016; Simeonidis et al. 2016;
Speed et al. 2015; Wang et al. 2015; Wu et al. 2014; Zhang et al. 2013, 2015; Zhou
et al. 2015) on removal of toxic metals and ions is provided in Table 1. Similarly,
the literature survey (Abdal-hay et al. 2015; Abdullah et al. 2016; Bhunia and Jana
2014; Bumajdad and Madkour 2014; DePuccio et al. 2015; Houas et al. 2001; He
et al. 2016; Lin et al. 2012; Zhang et al. 2014) on the toxic dye, e.g., Methylene Blue
(MB) removal by photocatalytic degradation is presented in Table 2. A glimpse of
somemost recent reports on both toxic metal removal and dye degradation (Cao et al.
2012; Das et al. 2017, 2018; Liu et al. 2015; Yang et al. 2016) is given in Table 3.

In terms of toxic components, the literature survey (Table 1) identifies a few facts.
It is evident that many toxic ions, e.g., Zn(II), Cu(II), Pb(II), Ni(II), Cr(VI), Hg(II),
etc. (Liu et al. 2015; Ma et al. 2015; Khan et al. 2014; Li et al. 2014; Kuwahara
et al. 2013; Speed et al. 2015; Jiang et al. 2015; Simeonidis et al. 2016; Zhou et al.
2015; Heidari-Chaleshtori and Nezamzadeh-Ejhieh 2015; Zhang et al. 2013; Chen
and Song 2013; Liu et al. 2013; Wu et al. 2014; Ray et al. 2015; Zhang et al. 2015;
Wang et al. 2015; Hua et al. 2012; Shaw et al. 2016) are currently in focus. However,
most of the reported work (Table 1) focusses on Cu(II) highlighting thereby that
the problems are yet to be resolved. The wide variety of adsorbents used (Table 1)
include nanoparticles (NPs) (Liu et al. 2015; Simeonidis et al. 2016; Ray et al.
2015), nanocomposites (NCs) (Ma et al. 2015; Khan et al. 2014; Jiang et al. 2015;
Zhou et al. 2015), hybrid adsorbents (HA) (Zhang et al. 2013), modified LDH (m-
LDH) (Heidari-Chaleshtori and Nezamzadeh-Ejhieh 2015), recyclable core–shell
nanocomposites (RCSNCs) (Zhang et al. 2015), designed core–shell nanocomposites
(DCNCS) (Shaw et al. 2016) and many others (Li et al. 2014; Kuwahara et al. 2013;
Speed et al. 2015;Heidari-Chaleshtori andNezamzadeh-Ejhieh 2015; Liu et al. 2013;
Hua et al. 2012). There is only one instance where Mg(OH)2 nanoflakes (NFLs) are
used to remove Cr(VI) (Wang et al. 2015).

Similarly, most of the reported work (Table 2) concentrates on photocatalytic
degradation of MB (Abdullah et al. 2016; DePuccio et al. 2015; Abdal-hay et al.
2015; Shaw et al. 2016; Lin et al. 2012; Zhang et al. 2014; Houas et al. 2001;
Bumajdad and Madkour 2014) thereby emphasizing the unresolved issues related to
the removal of this toxic dye. Relatively lesser focus is on photocatalytic degradation
of Phenol, Bisphenol A, Atrazine (Bhunia and Jana 2014), and Salicylic Acid as well
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Table 1 Literature survey on toxic metal removal

Toxic metal removal

Adsorbent Ion/metal removal by
adsorption

References

Magnetite NPs Ar(III) Liu et al. (2015)

CoFe2O4-GO NCs Pb(II) Ma et al. (2015)

PANI–SnSiP NCs Pb(II), Hg(II), Co(II)
(selectivity)

Khan et al. (2014)

nZVI Cu(II) Li et al. (2014)

Calcium silicate hydrate
(CSH)

Al, Mg, Fe, Ti, Mn Kuwahara et al. (2013),
Speed et al. (2015)

(GO)/β-FeOOH NCs Cu(II) Jiang et al. (2015)

Inorganic nanoparticles (NPs) Toxic metals Simeonidis et al. (2016)

Recyclable graphene/Fe3O4
NCs

Fe (III), Cu(II), Cd(II), etc. Zhou et al. (2015)

Aspartic acid modified nano
clinoptilolite

Zn(II), Cu(II), Pb(II), Ni(II)
etc

Heidari-Chaleshtori and
Nezamzadeh-Ejhieh (2015)

Hybrid adsorbents (HA) Cu(II) Zhang et al. (2013)

Zn4Al–CTA–LDH (m-LDH) Cr(VI), Cu(II) Chen and Song (2013)

APS modified chrysotile Cu(II) Liu et al. (2013)

Biogenic oyster shells (BOS) Cu(II) Wu et al. (2014)

Nano Cu2S (Porous) NPs Hg(II) and Pb(II) Ray et al. (2015)

Recyclable RCSNCs
(Mg(OH)2 shell-Ni core)

Zn(II), Cd(II), Cu(II), Kaolin Zhang et al. (2015)

Mg(OH)2 NFLs Cr(VI) Wang et al. (2015)

Nanosized Metal Oxides Toxic metals Hua et al. (2012)

DCSNCs (Porous NFL ZnO
shell-Zeolite core)

Pb(II), MB Shaw et al. (2016)

as Rhodamine B (He et al. 2016). Most of the photocatalytic agents are various types
of NCs (Abdullah et al. 2016; Bhunia and Jana 2014; DePuccio et al. 2015; Abdal-
hay et al. 2015; Lin et al. 2012; Zhang et al. 2014). The rest of the photocatalytic
agents are either NPs (Houas et al. 2001; He et al. 2016) or modified NPs (Bumajdad
and Madkour 2014).

Most recent work (Table 3) indicates that only scarcely Mg(OH)2 NPs (Liu et al.
2015) and nanoflowers (NFs) (Cao et al. 2012; Yang et al. 2016) are used for removal
of Pb(II), Cd(II) while a singular work (Das et al. 2017) attempts removal of Cu(II) by
nanoplatelet (NPL) of Mg(OH)2. Similarly, there is another attempt (Das et al. 2018)
that uses 3D self-assembled Mg(OH)2 nanoplatelet assembly to degrade MB dye by
photocatalysis. Therefore, the objective of the present work is to use the optimally
designed microstructure of Mg(OH)2 for dual purpose of removal of Cu(II) ions and
degradation of MB dye.



514 P. S. Das et al.

Table 2 Literature survey on toxic dye degradation

Toxic dye degradation

Photocatalytic agent Toxic dye removal by
photocatalytic degradation

Reference

ZnO/Ag2O NCs,
nylon-ZnO/Ag2O hybrid NCs

MB Abdullah et al. (2016)

rGO–Ag NCs Phenol, bisphenol A, atrazine Bhunia and Jana (2014)

Au–WO3, Au–SiO2–WO3
NCs

MB DePuccio et al. (2015)

PVAc–TiO2 NCs MB Abdal-hay et al. (2015)

PANI/TiO2 NCs MO Lin et al. (2012)

MnO2 nanoflakes-modified
diatomite NCs

MB etc Zhang et al. (2014)

TiO2 MB Houas et al. (2001)

nano ZnO, nano ZnS Salicylic acid and rhodamine
B

He et al. (2016)

Au, Pt, Pd, Ag etc. NPs
modified TiO2

MB etc Bumajdad and Madkour
(2014)

Table 3 Most recent reports
on toxic metal removal and
dye degradation

Most recent work on toxic metal and dye removal

Adsorbent material Removed ion/dye Reference

Mg(OH)2 NPs Pb(II) Liu et al. (2015)

Mg(OH)2 NFs Pb(II) Cao et al. (2012)

MgO NFs Pb(II), Cd(II) Yang et al. (2016)

Mg(OH)2 NPL Cu(II) Das et al. (2017)

3D self-assembled
Mg(OH)2 NPA

MB Das et al. (2018)

2 Materials and Methods

The synthesis of the designed nano Mg(OH)2 powders are already reported (Das
et al. 2017, 2018) and hence will not be repeated here for the sake of brevity. Here we
shall useMHNPL to designate magnesium hydroxide nanoplatelets and CAMHNPL
to designate Cu(II) ion adsorbed MHNPL. Similarly, DMHNPLA stands for 3-D
designed magnesium hydroxide nano-platelet assembly.

The physical structure was determined by recording the X-ray diffraction (XRD)
patterns before and after Cu(II) absorption. The microstructure was observed by
field emission scanning electron microscopy (FESEM), energy dispersive X-ray
analysis (EDAX), and transmission electron microscopy (TEM) techniques. Fur-
ther, microstructural details were recorded by high resolution transmission electron
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microscopy (HRTEM) technique and selected area diffraction (SAED) pattern anal-
ysis. The surface area was evaluated by the BET method. The surface states were
identified by the fourier transformed infrared (FTIR) technique using KBr as an
internal reference standard (Das et al. 2017). Further, the X-ray photoelectron spec-
troscopy (XPS) technique was also used to identify the surface oxidation states.
Both the initial concentration, C(I) of the Cu(II) solutions, e.g., S1 (~80 mg L−1),
S2 (~95 mg L−1), S3 (~100 mg L−1), S4 (~140 mg L−1), and S5 (~920 mg L−1) and
the correspondingMHNPL samples treated final solution concentrations, C(F); were
determined by the inductively coupled plasma atomic emission spectroscopy (ICP-
AES) technique (Das et al. 2017). For MB dye degradation efficacy examination, the
DMHNPLAwas synthesized in a similar manner as described in (Das et al. 2017) but
with a specialized sonication technique (Das et al. 2018) to make the structure more
porous. The characterization techniques were almost similar to those reported earlier
(Das et al. 2017). In addition, the direct bandgap (Eg) energy values were evaluated
by using the diffuse reflectance measurements from the UV-Vis spectra (Das et al.
2018). Thus, for both control MB dye solution and DMHNPLA samples treated MB
dye solutions (volume−50 cc, concentration−4.6 mg L−1) the optical properties in
the range 200–800 nm were recorded by the calibrated UV-Vis technique (Das et al.
2018). Prior to addition of about 10 mg Mg(OH)2 powders the MB dye solutions
were preserved in dark (Das et al. 2018). Following the addition, the solutions were
exposed for 60, 90, 120, 150, and 180 min to direct sunlight. Further details of both
synthesis and characterizations are reported by us elsewhere (Das et al. 2017, 2018).

3 Results and Discussions

3.1 MHNPL Nano-Adsorbent

3.1.1 XRD Studies

A comparison of the XRD patterns of MHNPL (Fig. 1a) and CAMHNPL (Fig. 1b),
respectively, confirms that pure hexagonal brucite phase (ICSDCode: 31053) occurs
in MHNPL and that it adsorbs Cu(II) ions in its structure. The monoclinic copper
nitrate hydroxide [Cu2(NO3)(OH)3] (ICSD Code: 31353) is, therefore, present as a
minor phase in Fig. 1b.

3.1.2 Pore Size and Surface Area

Based on N2 adsorption and desorption data and BET measurement data published
elsewhere (Das et al. 2017, 2018), the characteristic pore size details along with
the data on isotherm type and BET surface area are given in Table 4. These data
match with those from the literature (Yu et al. 2004). Further, MHNPL samples have
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Fig. 1 The XRD patterns of a MHNPL and b CAMHNPL samples (Reprinted with permission
from Das et al. (2017))

Table 4 Pore size and surface area of MHNPL and DMHNPLA samples

Sample Isotherm
type

Nature of
porosity

Pore
geometry

Pore
size
range
(nm)

Average
pore size
(nm)

Surface
area
(m2

g−1)

Ref.
No.

MHNPL H3 type
hysteresis
loop

Mesoporous Slit ~1–5 4.2a 273 Das
et al.
(2017)

DMHNPLA H3 type
hysteresis
loop

Mesoporous Slit ~3–9 6 342 Das
et al.
(2018)

aOccasional random large pore size 30–36 nm (Das et al. 2017)

surface area two and half times that reported (Liu et al. 2011) in literature. On further
optimization of microstructure (Das et al. 2018) the surface area of the DMHNPLA
samples is raised to as high as, e.g., 342 m2 g−1. Thus, the enhancement in surface
area should give rise to much more effective active sites for adsorption (Das et al.
2017) as well as initiation of photocatalytic activities (Das et al. 2018).

3.1.3 Microstructural Studies by TEM

The TEM photomicrograph given in Fig. 2a confirms the hexagonal nanoplatelet
structure formation with interconnected porosity. The sample has (101) orientation
as confirmed by HRTEM, Fig. 2b and the SAED pattern shown as the inset. The d
values estimated for the (101) and (102) planes from SAED pattern corroborate well
with those obtained from Fig. 1a [ca. 0.238 nm versus 0.236 nm for (101) plane and
0.180 nm versus 0.182 nm for (102) plane].
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Fig. 2 TEM photomicrographs of a Hexagonal MHNPLs b HRTEM of (101) plane (Inset
Corresponding SAED pattern. Reprinted with permission from Das et al. (2017))

3.1.4 Microstructural Studies by FESEM

Further confirmation of the porous microstructure in MHNPL and CAMHNPL sam-
ples come from FESEM photomicrographs presented in Fig. 3a and b, respectively
(Das et al. 2017). The inset of Fig. 3b shows the corresponding nanoplatelet powders
agglomerated together (Das et al. 2017). These evidences also confirm the presence
of a highly porous structure. The corresponding EDX data (Fig. 4) collected from
spot 1 shown as inset of Fig. 4 confirm the presence of Cu in the CAMHNPL powder.
Here, signals of Al and Si come from the glass substrate used to hold the drop casted
CAMHNPL samples (Das et al. 2017).

Fig. 3 FESEM photomicrographs of aMHNPL and b CAMHNPL samples (Inset Corresponding
nanoplatelet powder. Reprinted with permission from Das et al. (2017))
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Fig. 4 EDAX spectra of CAMHNPL samples (Inset Spot from where EDAX spectra is taken)

3.1.5 ICP-AES Studies

The initial concentration C(I) of Cu(II) in untreated Cu(II) solution each of 1 L
volume and final concentrations C(F) of all the 100 mg MHNPL 20 min treated
Cu(II) 1 L solutions (i.e., S1, S2, S3, S4, and S5) are shown in Fig. 5a and its inset,
respectively. The corresponding Cu(II) ion removal efficacies of MHNPL for the
solutions S1, S2, S3, S4, and S5 are shown in Fig. 5b.

The ICP-AES derived (Das et al. 2017) results presented in Fig. 5a, b confirm that
the Cu(II) ion removal efficacies of the MHNPL samples are 99.67, 99.83, 99.99,
99.84, and 99.76% respectively, for the solutions S1, S2, S3, S4, and S5. Thus, the
MHNPL samples synthesized in the present work exhibit the most consistent Cu(II)
ion adsorption efficiency of more than 99%. The efficiency ranges from, e.g., 99.67

Fig. 5 Cu (II) ion removal efficacies of MHNPL samples as a function of solution number
a Variation of C(I) and C(F) (Inset) and b Efficiency (%)
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Fig. 6 Surface characteristics of the CAMHNPL samples a FTIR spectra (Inset FTIR spectra of
MHNPL samples) and b XPS spectra (Reprinted with permission from Das et al. (2017))

to 99.99%. These results (Das et al. 2017) ensure further that the average efficiency
is almost as high as 100%, e.g., (99.81 ± 0.11)%.

3.1.6 FTIR and XPS Studies

For the CAMHNPL samples, the confirmatory evidence of Cu absorption comes
from the extra two peaks at ~1433 and ~1490 cm−1 (Fig. 6a) which are absent in the
FTIR spectra of the MHNPL samples shown as inset of Fig. 6a. Cu-OH moiety has
OH bands (Liu et al. 2011). The first extra peak is linked to that. Similarly, the second
extra peak springs up due to occurrence of NO3

− (Wolf and Feldmann 2010). The
Cu 2p3/2 and Cu 2p1/2 peaks in the XPS spectra of the CAMHNPL samples (Fig. 6b)
further confirm that Cu is definitely adsorbed and it exists in divalent state (Chen and
Song 2013; Das et al. 2017).

3.1.7 How the MHNPL Samples Work as a Nano-Adsorbent

The MHNPL has a self-supported, highly porous microstructure with an average
pore size of about 4 nm (Table 4; Figs. 2, 3). Thus, the microstructure provides many
active sites. Hence, Mg(II) ions leach out from such active sites. Occupying only
a small fraction of the active sites, a monolayer of Cu(II) ions are at first adsorbed
on the MHNPLs by an ion exchange mechanism, Fig. 4 (Das et al. 2017). Further
Cu(II) ions adsorb on these nuclei of nascent Cu(II) ions through the ion exchange
mechanism to ultimately form Cu2(NO3)(OH)3 as a step that dictates the rate of
adsorptions, Figs. 1b, 6a, b. The average adsorption efficiency of as high as ~99.81%
(Das et al. 2017) is thus achieved through numerous localized repetition of these unit
steps, Fig. 5a. The statistical randomness in the availability of active sites and the
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Cu(II) ion concentrations dictates the relative variations in efficacies as a function of
solution number, Fig. 5b.

3.2 DMHNPLA for MB Dye Degradation

3.2.1 Synthesis of DMHNPLA Samples

The details of the synthesis procedure for DHNPLA are already reported (Das et al.
2018). The synthesis procedure is almost similar to that ofMHNPL (Das et al. 2017).
However, with an aim to create more uniform and relatively narrower pore size
distribution as well as interconnected pores, Mg(NO3)2 solution of pH about 6.4 is
kept under a sonicationbath.NowNaOHsolutionof pH~12.8 is addeddropwise at an
average rate of about 0.14 cc.s−1 to theMg(NO3)2 solution under ambient laboratory
condition (i.e., 30 °C). Next, by following the procedural steps as detailed in (Das
et al. 2017, 2018); the sample powders are obtained as a three dimensional (3D) self-
assembly of MHNPL structures. These are designated as DMHNPLA which stands
for 3-D designedmagnesium hydroxide nano-platelet assembly, asmentioned above.

3.2.2 Phase Purity and Surface Area Studies

The phase purity of the DMHNPLA samples is confirmed from the XRD pattern
reported earlier byus (Das et al. 2018).BasedonScherrer’s equation and single profile
Rietveld analysis (Das et al. 2018) the variations in crystallite sizes and corresponding
lattice strain as a function of the Miller indices of the various crystallographic planes
are shown in Fig. 7. The crystallite sizes range from ~3 to 13 nm with an average of
about 8 nm while most of the strains range from about 0.5 to 5.85% (Fig. 7) with an

Fig. 7 Variations of
crystallite size and lattice
strains among the various
crystallographic planes of
the DMHNPLA samples

4

6

8

10

12

14

C
ry

st
al

lit
e 

si
ze

 (n
m

)

La
tti

ce
 s

tra
in

(001) (101) (102) (110) (111) (201)
Crystallographic planes, Mg(OH)2

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35



Microstructurally Engineered Ceramics for Environmental … 521

average of about 2.16%. The (110) plane exhibits exceptionally high strain of about
31.30% and is, therefore, excluded in estimating the average magnitude of strain.
As mentioned earlier in Table 4, the DMHNPLA samples have surface area much
higher than that reported (Liu et al. 2011) in literature. It happens due to large pore
volume with narrow size distribution of pores with an average size of only about
6 nm, Table 4 (Das et al. 2018).

3.2.3 Microstructural Studies

Figure 8 shows a typical illustrative FESEM photomicrograph of the three-
dimensionally self-assembled nanopowders which exhibit a connected micro dumb-
bell like microstructure. The average length and width of individual micro dumb-
bells are ~9 and ~1.9 μm, respectively (Inset Fig. 8). The photomicrograph (Fig. 8)
confirms the presence of beautiful flower-bud like microstructure comprised of
self-assembled particles of ~100–200 nm size.

Fig. 8 FESEM photomicrograph of the micro dumbbells in the DMHNPLA samples (Inset The
three dimensional self-assembly of the micro dumbbells. Reprinted with permission from Das et al.
(2018))
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Fig. 9 Lattice fringe of (101) plane obtained by HRTEM (Insets Bottom Right—The porous
microstructure, Top Right: The corresponding SAED pattern, Topmost Right: The Corresponding
FFT pattern. Reprinted with permission from Das et al. (2018))

The HRTEM image (Fig. 9) exhibits the lattice fringe of ~0.237 nm that corre-
sponds to the (101) plane as mentioned in sub-Sect. 3.2.2. The microstructure in
the bottom right side inset exhibits the average pore size of ~5 nm. These are chan-
nel pores. From the SAED pattern shown as the top right inset, the d-spacings are
~0.238 nm for the (101) plane and ~0.180 nm for the (102) plane. These data corrob-
orate nicely with those from the XRD pattern. The FFT pattern shown as the topmost
right-hand side inset in Fig. 9 confirms further the presence of the (101) plane. The
corresponding typical representative EDAX data published elsewhere (Das et al.
2018) confirm that the ratio of Mg: O by wt% is about 58.73% whereas stoichiom-
etry wise it should be ~74.98% (Li et al. 2013). So, the DMHNPLA samples have
deficiency of magnesium and excess of oxygen.

3.2.4 The Direct Bandgap (Eg) Evaluation

As reported elsewhere by us (Das et al. 2018) and also based on the literature report
(Bai et al. 2016) the (Eg) values of DMHNPLA samples are estimated as 5.08 and
3.76 eV (Fig. 10). These data match with those reported for nanosheets and 2D
structures of Mg(OH)2 (Suslu et al. 2016; Kim et al. 2000). But this match may be
incidental. It is opined (Sun et al. 2017; Wang et al. 2014) that in nanopowders the
crystalline phase and amorphous phase may coexist. When it happens, it affects the
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Fig. 10 The plot of
[F(R)](hν)2 versus (hν) for
the DMHNPLA samples.
Reprinted with permission
from Das et al. (2018)
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sub-bandgap. A similar situation prevails in the present DMHNPLA samples (Figs. 1
and 9). Another factor that may affect Eg (Fig. 10) is crystallite size (Lu et al. 2015).

3.2.5 The Dye Degradation Efficacy

Figure 11a–c presents the absorption spectrum on MB dye degradation efficacy of
the present three dimensional DMHNPLA samples. The peaks representing MB dye
occur at 292 and 663 nm in Fig. 11a but are absent in Fig. 11b which shows the
data for DMHNPLA treated MB dye solution exposed to direct sunlight for 60, 90,
1220, 150, and 180 min. Further confirmation of their absence is provided by the
exploded view presented in Fig. 11c for the region 660–670 nm. The amount of
degradation is more at higher exposure time (Fig. 11b). In fact at 60 min exposure
to direct sunlight the degradation efficacy of three dimensional DMHNPLA samples
is more than 98%, which is much higher than those reported in literature (Abdullah
et al. 2016; Bhunia and Jana 2014; DePuccio et al. 2015; Abdal-hay et al. 2015).

The photocatalytic efficacy becomes sensitive to the intensity of light used when
a solar simulator is used as a light source (Shaw et al. 2016; Shanmugam et al.
2015). However, the same is immaterial here. The reason is that all the photocatalytic
experiments are conducted in the presence of only direct sunlight exposure. Since
the photocatalytic degradation efficacy of the DMHNPLA samples is significant for
the cationic MB dye; it deserves an explanation.

The experimental results (Figs. 7, 8, 9, 10, 11; Table 4) suggest that there are
few factors that may simultaneously contribute (Das et al. 2018). These are, viz., (a)
mesoporous microstructure, (b) 6 nm average pore size, (c) small pore size distribu-
tion, (d) high pore volume, (e) very high surface area, (f) large value of Eg and (g) the
–OH bonding vibrations. It is suggested that an optimum synergistic contribution of
aforesaid factors possibly leads to high efficacy of the DMHNPLA samples. Thus,
the reactive, negatively charged surface of the photocatalyst (Das et al. 2018) gets
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Fig. 11 UV-Vis absorption spectra of MB solution a Control solution, b after exposure to direct
sunlight for different times in presence of the DMHNPLA samples, c exploded view of the region
660–670 nm from Fig. 11b. (Reprinted with permission from Das et al. (2018))

the dye adsorbed on the surface. Further, the surface also has higher redox potential
for both electrons as well as hole. When incident sunlight provides energy >Eg, the
electrons are excited. These photo-excited electrons can and do jump into conduction
band. As the photo-excited electrons move over to the conduction band, the corre-
sponding positively charged holes remain in the DMHNPLA sample surface (Xu
et al. 2014). It is most likely that the free hydroxyl radical generated by these holes,
degrade the cationic MB dye (Das et al. 2018). The contact with water has no effect
on crystal facets of brucite Mg(OH)2 (Ou et al. 2014). Therefore, through direct
sunlight-induced photocatalytic activity the phase pure DMHNPLA samples can be
used to degrade MB dye in industrial wastewater. Thus, for futuristic applications
in treatment of industrial wastewater both MHNPL and DMHNPLA samples exhibit
good promise.
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4 Conclusion

The MHNPL samples show the efficiency as high as 99.99% for the removal of
Cu(II) ions through adsorption. It occurs most likely by an ion-exchange mecha-
nism. The DMHNPLA samples exhibit 98% efficacy for degradation of MB dye.
This occurs due to direct sunlight-induced photocatalytic activity that aids in gener-
ation of free hydroxyl radicals which degrade the cationic MB dye. These facts show
that microstructurally designed nanoceramic hydroxides, e.g., Mg(OH)2 can be suc-
cessfully used for futuristic environmental applications, e.g., treatment of industrial
wastewater containing toxic ions and dyes.
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Eco-friendly Surface Modification
and Nanofinishing of Textile Polymers
to Enhance Functionalisation

Mumal Singh, Mona Vajpayee and Lalita Ledwani

Abstract The chapter gives brief information about the application of non-thermal
atmospheric pressure plasma and nanotechnology in the fields of textiles. Four types
of atmospheric pressure plasma are used for surface modification of textiles, namely,
corona discharge, atmospheric pressure plasma jet (APPJ), atmospheric pressure
glow discharge (APGD) and dielectric barrier discharge (DBD). Cold plasma or non-
thermal plasma is considered superior to other conventional modification techniques
as it can modify the polymeric surface without altering the bulk properties of the
material. The chapter also provides a brief idea about the classification, synthesis
and application of nanoparticles existing in different forms. The application of nano-
sized particles on textile materials confers unexpected properties different from those
of the bulk material. Together with plasma technology, nanoparticle-coated fabrics
can enhance the overall wear, comfort and care of the fabric. This chapter reviews
the recent studies involving modification and characterisation of textile highlighting
plasma and nano-pretreatment. This chapter also attempts to give an overview of
the literature on treatment of textiles categorising them on the basis of different
functional properties like antimicrobial, UV resistance, easy care, dye adsorption
and flame-retardant finishes that could be achieved by the application of metal and
metal oxide nanoparticles and enhanced by plasma pretreatment.

Keywords Non-thermal plasma · Textiles · Surface modification · Nanoparticles ·
Antimicrobial · UV protection · Dyeing

1 Introduction

Textiles have been an essential part of human history and can be seen everywhere in
modern society as well. Textiles can be divided into two main categories according
to their applications; one is traditional textiles that are used in fashion clothing and
apparels, and other is technical textiles (Schwarz and Kovačević 2017). Technical
textiles are used in diverse applications ranging from automobiles (in car interiors),
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agriculture (used for crop protection), civil engineering (as reinforcement textile
for roads), medical and hygiene (bandages, surgical gowns and sutures), protective
clothing (firefighter clothes), sportswear, defence (bulletproof jackets), packaging,
etc. Looking at the broad spectrum of applications for which textiles are being used, it
is necessary to manufacture textiles with specifically designed surface properties like
wettability, increased adhesion, dyeability and softness (John andAnandjiwala 2009;
Wei et al. 2009). It is essential to understand that often natural or fabricated polymer
surfaces do not have the same compositions as the bulk phase. This difference in
surface properties can result from chemical reactions of surface molecules (like oxi-
dation or sulphonation), microbial attack, adherence of environmental contaminants
like (dirt or soil) and low surface energy of molecular groups. Sometimes, physical
defects like scratches or abrasion can also lead to defunctionalisation of textile for a
particular application. Therefore, surface modification of textile surface is not only
preferable but also essential whether it may be merely to clean the surface or modify
it chemically or physically to alter the interactions with substrate and generate result
as per our requirement (Hoffman 1996).

Surface modification is the process of modifying material surface either by phys-
ical, chemical or biological methods to impart certain features which distinguish it
from the untreated one. Over the years, various surface modification techniques have
been employed for the alternation of textile surface properties which can be broadly
divided into physical, chemical, biological and mechanical methods (Fig. 1). The
physical processes involve treatment with active gases or radiations which can be
achieved by (a) deposition of molecules from active gases used during plasma treat-
ment or flame spray treatment, (b) etching or oxidation of fabric surface with highly
accelerated ions generated during ion bean treatments, radiofrequency plasma dis-
charge andgamma-ray treatments, and (c) cross-linkingof surfacemolecules initiated
by free radical formation during UV treatment, corona discharge, etc. The chemical
surface treatment methods generally use wet chemical treatments for surface modi-
fication along with disinfection to remove microbes or soil and contaminants using
any or all four described methods: (a) dipping/coating/spraying of polymer solution
or surfactant, (b) desorption of surface-active compounds from bulk to surface, (c)
chemical treatment to modify fabric surface by various processes like oxidation,
sulphonation, chlorination, etc., and (d) chemical bonding of molecules like PEG
or sulphonating agents to fabric surface. Sometimes, surface modification has to be
performed by both physical and chemical methods jointly; it is called physicochem-
ical methods. Mechanical means of surface modification involve roughening which
make the surface rough or porous and micromanipulation, i.e. using AFM probes
and scanning tunnelling microscopy. Biological processes of surface modification
are also used in case of biomedical applications by applying four different ways (a)
physical adsorption of biomolecules like peptides, proteins, ligands, etc., (b) physical
adsorption along with cross-linking of these biomolecules like enzyme attachment
to fabric surface, (c) chemical attachment of biomolecules to surface molecules and
(d) multiplication of cells and growth to convergence (Hoffman 1996; Jaganathan
2015).
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Fig. 1 Schematic representation of various surface modification methods with few examples

Wet chemical processing is the conventional technique used for surface finishing
of textiles. Chemical treatments although provide a wide array of reagents to treat
fabric but it requires rigorous process control and a lot of hazardous chemicals. The
wastewater generated from these treatments has a deteriorative effect on the environ-
ment and along with human health as well (Gorjanc et al. 2013). Biological methods
of surface treatment, though, do not generate hazardous wastes but they require a lot
of time and patience to achieve optimum working conditions. Thus, among various
methods of surfacemodification, the physical techniques offer significant precedence
over all the other. The first and foremost benefit of physical processes is that they pro-
vide more precise modification of the top layer of fabric surface without affecting the
bulk properties andwithout the need for harsh chemical roughening agents. These are
relatively simpler, cost-effective and environmentally safe as compared to the others
(Ozdemir et al. 1999). Physical methods of surface modification specifically atmo-
spheric pressure plasma systems have revolutionised textile processing technology
from the late 1990s. Both R&D organisations and industries have been carrying out
extensive research in the fields of non-thermal plasma to enhance the surface proper-
ties of textile polymers and bring out functionalised fabrics to the market. Any type
of fibre can bemodified by plasma to change or enhance one or more of the following
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properties like wetting, adhesion, dye absorption and dye fastness, antistatic prop-
erty, desizing, water or oil repellency, biocompatibility, anti-felting and shrinkage,
UV resistance and so forth (Rezaei 2016). Atmospheric pressure plasma technology
is a cheap, clean and dry technology which uses less energy and generates no toxic
waste; thus, it is widely favoured and accepted for fabric processing.

Nanotechnology is another revolutionary technique which is interdisciplinary and
finds critical applications in all fields of science like chemistry, physics and material
science. Large varieties of metals have been used to synthesise nanoparticles like
gold, silver, palladium, platinum, zinc, titanium and copper. Nanoparticle application
on textile materials could lead to drastic changes in the surface properties of the
fabric. The silver nanoparticle has been used for imparting antimicrobial finish to
fabrics. Zinc oxide nanoparticles provide UV blocking feature to fabrics, whereas
nano-titania is used for imparting hydrophobicity and self-cleaning properties. Nano-
based chemical finishes are also being used at the manufacturing level to enhance
bonding of chemicals to fabric surfacewhich incorporates functionalities likewrinkle
resistance, hydrophilicity and stain resistance in fabrics (Nema and Jhala 2015).

2 Non-thermal Atmospheric Pressure Plasma

2.1 Plasma

The fourth state of matter, popularly known as plasma, consists of a large number of
different species such as electrons, positive and negative ions, free radicals, gas atoms
and molecules in the ground or any higher state (Nehra 2008). Classically, plasma
can be considered as quasineutral species made of an equal number of positive and
negative ions but due to long-ranged Coulomb’s forces of attraction, the individual
behaviour of particles is lost and the entire plasma act in a collective way. Approxi-
mately, 99%matter of the universe is made of plasma. The temperature of the natural
plasma is very high, ranging from several tens to hundred thousand kelvins (Nema
and Jhala 2015).

2.2 Classification of Plasma

Typically, plasma can be classified as thermal (hot) and non-thermal (cold) plasma
based on temperature. In thermal plasma, all the species composing plasma are in
thermal equilibrium with a temperature of the order of thousands of kelvin. Thermal
plasma exists in solar corona, lightening, and hence cannot be used for treating
any material. The non-thermal plasma, on the other hand, is maintained at room
temperature; although, here, the smaller sized electrons are at a higher temperature,
the other larger reactive species remain at room temperature. Thus, cold plasma
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is most suitable for surface modification of textiles as during plasma processing of
textilesminimal thermal degradation of the fabric takes place. In non-thermal plasma,
continuous loss of energy takes place whether through radiation or conduction or
various interactions within the plasma species, therefore, for constant processing of
the sample, power has to be supplied continuously from an external source usually
using an electrical discharge. These electrical discharges are provided either at low
pressure in vacuum chambers or at atmospheric pressure.

Low-pressure plasma technology has been spearheaded by the microelectronics
industry and material technology. Low-pressure plasma systems generally operate in
vacuumconditions at a pressure between1–100Pa andnear ambient temperature. The
system is usually pumped down, and only necessary plasma gases like neon, argon,
helium, nitrogen and oxygen are then pumped into the large vacuum chambers. Low-
pressure plasma systemshavebeen adopted for textile processing, but the requirement
for airtight enclosures makes them highly expensive and time-consuming. Therefore,
recently the focus has been on developing more accessible and easy processing
techniques and hence came atmospheric pressure plasma systems (Mather 2009).
The atmospheric pressure plasma are generated at high pressure of approximately
1 atm. These systems are remarkably better than low-pressure system since do not
require the presence of vacuum conditions, and they also possess increased reactive
chemical species with higher selectivity along with low gas temperature (Nehra
2008).

2.3 Types of the Non-thermal Atmospheric Pressure Plasma
System

The economic viability and ease of operation at 1 atm pressure have led to the
development of a variety of atmospheric pressure plasma sources for various scientific
and industrial applications (Table 1).

The following four discharges can obtain atmospheric pressure plasma discharge.

2.3.1 Corona Discharge

Corona discharge is themost primitive type of plasma treatment. The system require-
ment for this kind of discharges consists of two electrodes of opposite charges and a
high voltage supply. The inhomogeneous electrode arrangement is the characteristic
of Corona discharge where one electrode is highly curved like a pointed needle or
wire, and the other one is planar or flat. The discharge is created when current flows
from the strong curvature electrode kept at a higher potential into a neutral fluid
which is usually air and ionises the nearby area. Furthermore, the corona developed
in high field region discharges to area of lower potential and passes to the planar
electrode. Coronas can be either positive or negative depending on the polarity of
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Table 1 Properties of plasma generated by different atmospheric pressure plasma setups (Nehra
2008; Nema and Jhala 2015)

Parameters Corona
discharge

APPJ APGD DBD

Type of
electrode

Sharp pointed
electrode

Two small,
concentric
electrodes

Capacitively
coupled parallel
plate electrodes

Parallel plates
covered with
dielectric
material

Power supply Pulsed DC RF with low
power in the
range of
100–150 V

RF in MHZ
range with a low
voltage around
200 V

RF to
microwave, AC
power up to
20 kV

Breakdown
voltage (kV)

10–50 0.05–0.2 0.2–0.8 5–25

Plasma density
(cm−3)

109–1013 1011–1012 105–1013 1012–1015

Temperature (K) Room 300–600 400 Average gas
temp (300)

Gas Air Helium, Neon,
Argon or other
noble gas

Helium Air or noble
gases or a
mixture of gases

the electrode. If the curved electrode is connected to the positive terminal of power
supply, it is a positive corona, and if it is connected to the negative terminal of power
supply, it is negative corona. Corona treatment has several commercial applications
like water purification, photocopying machine, printers and powder coating; how-
ever, their weak and inhomogeneous nature and restricted area of application have
limited their application in textile processing (Mather 2009; Nehra 2008; Nema and
Jhala 2015).

2.3.2 Atmospheric Pressure Plasma Jet

Atmospheric pressure plasma jet (APPJ) is a small, torch-like, non-thermal plasma
producing device which operates on radiofrequency (RF) power. It consists of a two-
electrode setupwhere the outer cylindrical electrode is grounded, and the inner central
electrode is pointed like a jet. These electrodes are supplied with a mixture of gas
consisting of helium, oxygen, argon or other noble gases. On applying RF power, the
plasma discharge is ignited feeding continuously on a mixture of gases and produces
a high-velocity stream of chemically reactive species which on passing through the
central electrode exits through its nozzle. The key features ofAPPJ are that it produces
stable and homogenous discharge and operates without any dielectric cover on the
electrodes.APPJ technology is used in a large number of applications like sterilisation
of surgical and dental equipment, etching of metals and polymers, deposition of SiO2
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and TiO2 by plasma-assisted chemical vapour deposition technique, graffiti removal,
removal of paint and many more (Nehra 2008; Nema and Jhala 2015).

2.3.3 Atmospheric Pressure Glow Discharge

An atmospheric pressure glow discharge (APGD) is generated at a low voltage and
very high frequency, i.e. radiofrequency across parallel plate electrode setup which
is separated from each other by a few millimetres. The plasma-forming gas used is
usually helium since helium has a very low breakdown voltage and longer transition
time which help in extending the micro-discharge points on the insulating electrode.
The APGD is beneficial for material processing due to its capability for homogenous
treatment and stability of discharge, as it operates on a lower voltage than other
atmospheric pressure discharges. Moreover, the electrodes are not covered by any
dielectric material. The use of helium as the discharge gas limits its commercial
applicability in textile processing since it is costly and difficult to recover (Mather
2009; Nema and Jhala 2015).

2.3.4 Dielectric Barrier Discharge

A dielectric barrier discharge (DBD), also called as silent discharge, is produced
between two parallel electrodes where at least one of the electrodes is covered with
an insulating dielectric barrier. These discharge operate at atmospheric pressure,
typically in the range of 0.1–1 atm. A high AC voltage with an amplitude of the
order of 1–100 kV and frequency from a few kHz to MHz (corresponding to lower
RF—microwave range) is applied to the setup. A dielectric layer made of glass,
quartz, ceramic or polymer material, placed between the two metal electrodes, is the
characteristic of DBDs. The inter-electrode distance varies from a few mm to a few
cms depending on the processing requirement (Bogaerts et al. 2002). When the DBD
is powered with a high AC voltage, gases breakdown between the parallel plates in
filamentarymode, i.e. the discharge is constituted by a large number of individual tiny
breakdown filaments distributed uniformly over the entire dielectric layer, referred
to as micro-discharges or streamers. The use of dielectric as an insulating layer has
few advantages; firstly, it enables a continuous flow of current by avoiding glow to
arc transition and secondly, it creates random streamers by electron accumulation
on the electrode surface to ensure homogenous treatment of any surface (Nema and
Jhala 2015). DBD discharge differs from a classical discharge significantly, as in
classical discharge the electrodes are not covered with any dielectric layer; hence,
they come in direct contact with highly activated chemical species and thus causes
electrode etching and corrosion which is not the case in a DBD. Another major
point of difference is that DBD cannot be operated with a DC voltage due to the
presence of capacitive coupling which require an alternating current with time-lapse
to drive the displacement current (Nehra 2008). The dielectric barrier discharge has
become an important tool for surfacemodification of textiles at atmospheric pressure.
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The surface modification helps in altering various properties to improve wettability,
dyeability, stain removal and sterilisation. DBD techniques are the need of the hour as
it is a green technologywhich does not generate anywastewater or harmful chemical.

2.4 Advantages of Plasma Treatment

Plasma technology for pretreatment and finishing of textiles has become an important
industrial process. It offers numerous advantages:

• Gas plasma technology follows the principles of Green technology as it offers a
clean, dry and zero waste alternative to conventional processes.

• Modification by plasma is highly surface-specific as they do not affect the bulk
properties and only the top layer is altered.

• Non-thermal plasma is particularly useful for textile processing as most of the
textile material is heat sensitive and atmospheric pressure plasma can activate
surface reactions without excessive thermal degradation of the substrate.

• The modified layer formed is relatively uniform and cover the whole and large
surface area.

• By using a variety of gases, different functional groups can be incorporated on the
fabric surface depending on the type of functionality to be introduced on the fabric
like wettability, adhesion, printability, hydrophobicity and hydrophilicity (Morent
et al. 2008).

2.5 Plasma–Substrate Interaction

When a fabric is exposed with plasma, various surface reactions occur leading to
change in properties of the exposed surface. The activated chemical species present
in plasma discharge like electrons, ions, excited molecules, neutral atoms interact
and generate other active species. Figure 2 depicts the process of substrate interaction
with plasma. Reactions of gas plasma with the substrate produce four processes.

2.5.1 Cleaning and Etching

Organic contaminants such as oils and waxes are removed from the substrate sur-
face in the presence of oxygen plasma. Energetic oxygen species react with the sur-
face contaminants such as oligomers, antioxidants, anti-blocking agents and undergo
hydrogen abstraction with free radical formation along with chain scissions until the
molecular weight is significantly low to boil away in the form of water and carbon
dioxide mainly during processing (Chan et al. 1996). Ultraviolet light generated in
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Fig. 2 Figure depicting the process of substrate interaction with plasma

the plasma also helps in breaking the bonds of silicones and other surface contami-
nants. Plasma etching increases the roughness of the surface on a microscopic level,
thereby increasing surface area and making the material easily wettable.

2.5.2 Activation of the Surface

Post etching and cleaning of the substrate, when the material is treated with gases
like oxygen, ammonia or any other gas that does not contain carbon, the reactive
radicals or ions generated in plasma bind to the substrate surface. Etching primarily
results in creating a surface highly active to different binding agents resulting in the
incorporation of functional groups such as hydroxyl, carboxylic and amino acids.
Plasma activation results in enhanced efficiency of the substrate during printing, var-
nishing or glueing as it may confer improved wettability, biocompatibility, adhesion
and other surface properties.
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2.5.3 Grafting

In the grafting process, argon is used as the plasma-forming gas, and active plasma
species are created. These active species interact with the substrate surface and pro-
duce free radicals. When a monomer capable of forming covalent bonds with the
free radicals is introduced into the chamber, it reacts with the active plasma species
and gets grafted. Some classic examples of monomers used for grafting are acrylic
acid or allyl alcohol or allylamine.

2.5.4 Deposition or Plasma Polymerization

The deposition of polymer in the form of a thin film on a plasma-activated surface via
polymerisation of an organic monomer like CH4 and CCl4 is referred to as plasma
polymerisation. A complex monomer gas is introduced in the chamber to initiate the
process which is ionised by colliding plasma species. The monomer molecule thus
undergoes fragmentation in smaller species like ions, free radicals, metastable and
ultimately react with each other to combine or gets condensed and polymerised on
the substrate. The advantage of plasma polymerisation is that it creates cross-linked
polymers on the top layer with no repeat units (Nema and Jhala 2015; Sparavigna
2008).

3 Nanotechnology

The revolutionary lecture titled ‘There is Plenty of Room at the Bottom’, given by
Nobel laureate, physicist Richard Feynman on December 29, 1959, opened a new
door of experimentation to then-existing scientific methods and technologies. In that
lecture, he advocated that atoms can be manipulated at the nanoscale level, but it
was in 1980 that his visions were materialised into a new branch of science called
nanotechnology supported by years of substantiated research efforts. Nanotechnol-
ogy is a branch of science that deals with particles within the dimensions of 100 nm
which can include nanoparticles, nanorods and nanotubes, nanowires, nanocages,
nanocrystals, nanofiber, thin films and all the other particles which fall under the
specified range (Vigneshwaran 2009). Broadly, a material can be considered as a
nanomaterial if it possesses properties different from the bulk form of the same
chemical constituent. The characteristics of nanoparticles which make them such a
sought after materials are as follows:

• They have small size but an extensive surface area and most of the interacting
atoms reside in the surface layer; thus the interparticle distance is minimal.

• They have a smaller energy band gap compared to bulk particles.
• They can have an amorphous or crystalline nature.
• Their surface is used as a carrier for liquid or gaseous agents.
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• These are non-toxic due to they are nanosize, as, by a rule, toxicity decreases when
particle size increases (Mishra 2014).

Further, the mechanical and thermal properties of nanomaterials depend on several
features like particles size, pores and their distribution, impurity percentage, method
and duration of their application, the method used for their production, pH and
temperature conditions (Joshi and Bhattacharyya 2011). Nanoparticles due to their
small size, large surface area and exceptional surface properties have shown great
potential for a wide variety of applications may it be drug delivery, biosensors,
food technology, antimicrobial coatings, quantum science, lasers or textile finishing
technology (Dhand et al. 2015).

3.1 Classification of Nanoparticles

See Fig. 3.

3.1.1 Organic Nanoparticles

Liposomes, micelles and dendrimers are some of the few examples of organic
nanoparticles. These nanomaterials are biodegradable andnon-toxic. They aremostly
either nanospheres or nanocapsules in shape and are sensitive to electrochemical and
thermal degradation just like polymers. The organic nanoparticles find best appli-
cations in drug delivery and biomedical application where the required chemical is
carried to its receptor without any toxic effects to the body due to their organic nature.

Fig. 3 Schematic
classification of
nanomaterials on the basis of
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3.1.2 Inorganic Nanoparticles

A. Metal Nanoparticles
Nanoparticles made of metal and metal oxides except carbon are considered
as inorganic. A large number of metals have been used for the synthesis of
nanomaterials like aluminium (Al), cadmium (Cd), cobalt (Co), copper (Cu),
gold (Au), iron (Fe), lead (Pb), silver (Ag) and zinc (Zn). The well-known
localised surface plasmon resonance (LSPR) characteristics provide these NPs
unique optical and electrical properties. Furthermore, surface characteristics like
high surface area-to-volume ratio, surface charge due to presence of metal ions,
crystalline or amorphous nature and reactivity to environmental factors such as
heat, light and moisture provides extensive usage of these materials in numerous
applications.

B. Ceramic Nanoparticles
Inorganic, non-metallic, heat-resistant nanoparticles are generally called as
ceramic nanoparticles because they possess properties just like macroscopic
ceramics materials. They are present in amorphous, dense, polycrystalline and
hollow forms and hence offer unique features like being dielectric, ferroelec-
tric, superconductive, electro-optical and magnetoresistive to name a few. They
have high utilisation in applications like catalysis, photodegradation of dye and
photocatalysis.

C. Semiconductor
A semiconductor is a material which possesses properties of both metal and
non-metals as here metals of group 2–6 are doped in the carbon backbone. This
amalgam enhances the efficiency of semiconductor nanoparticles, and they show
significant alternation in their properties due to wide band gaps. These particles
find extensive usage in themicroelectronics industry, photo-optics and electronic
devices.

3.1.3 Carbon

The nanoparticles made exclusively of carbon are considered as carbon-based
nanoparticles.All these are allotropes of carbon andcanbedivided intofive categories
depending on the dimensions of these particles—3-D Fullerene, 2-D Graphene, 1-D
Carbon nanotubes, Carbon nanofiber and Carbon black. These particles have created
noteworthy commercial hold due to their electrical conductivity and high strength.
Due to their unique chemical characteristic and physical structure, they are used as
nanocomposites, efficient gas adsorbents for environmental remediation, and due to
their easy penetration to cell cytoplasm, they are used in drug delivery and peptide
delivery (Bhatia 2016; Ealias and Saravanakumar 2017; Khan et al. 2017).
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3.2 Synthesis of Nanoparticles

For the practical applications of nanoparticles, some conditions are required to be
met like ensuring uniform and desired particle size by overcoming their immense sur-
face energy, preventing agglomeration of particles establishing uniformmorphology,
chemical composition, microstructure and crystallinity (Vigneshwaran 2009).

Two primary methodologies (Fig. 4) are used for the fabrication of nanostruc-
tures which can be broadly named as bottom-up approach where we work by
assembling atoms and molecules to synthesise nanoparticles of diverse shape and
size like those used in sol–gel processing, chemical vapour deposition, laser pyrol-
ysis, etc. and the other is top-down approach which involves working from bigger
to smaller objects and it is extensively used in photolithography, electron beam
treatment, plasma etching, etc.

The three methods of nanoparticle synthesis, i.e. Physical, Chemical and Biologi-
cal (Fig. 5), work on either of the two above-mentioned methodologies. Nanoparticle
synthesis by physical techniques employs the use of high energy radiation, thermal or
electrical energy, mechanical pressure for material etching, melting or evaporation.
These methods possess the minimum risk of contamination as they are free of any
solvent system. The chemical methods of nanoparticles synthesis have the drawback
of utilising toxic chemicals and the generation of harmful and non-biodegradable
by-products. Biological methods of nanostructures follow the principle of green
chemistry; hence, they are the demand of current time. They are environmentally
safe, clean, non-hazardous, and cost- and energy-efficient. Microorganisms like bac-
teria, fungi and algae can survive in severe conditions such as the high temperature
of the solvent bath and high concentration of metal ions. Plant-mediated synthe-
sis incorporates medicinal values of these plant in synthesised structures which are
being used in enhancing antibacterial properties of various materials like textiles,
polymers, medical devices, etc. (Dhand et al. 2015; Shamim 2018).

Bottom-up ApproachTop-Down Approach

Bulk Nanoparticles Atoms/Molecules

Fig. 4 Schematic representation of top-down and bottom-up approaches of nanostructure synthesis
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Fig. 5 Flowchart depicting an overview of different methods of nanoparticle synthesis
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3.3 Application of Nanoparticles in Textile Surface
Modification

Nanoparticles have multifaceted applications in the textile industry (Fig. 6) whether
they may be used as nanosols or nanoemulsions or directly sprayed on the substrate.
Nanoparticles enhance textile finishing making it more even, exhaustive and pre-
cise. They have favourably removed the micron-sized particles used for finishing
to produce high performance or functional textiles since they have a larger surface
area, thereby more efficiency than larger sized particles. Nano-functionality modi-
fies clothes at nano-level making them stain and dirt resistant, thus saving time and
money for laundering. Nanofinishes allow excellent breathability and flow which
reduces the chances of allergies and dermatitis in sensitive skin people. The micro-
scopic protective clothing on textiles as a result of nanofinishing provides the fab-
ric with various characteristics like heat-resistant, antibacterial, oil-water resistant,
wrinkle resistance, UV protection and improvement in dyeability. They do not affect
the colour and brightness of the fabric. Nano-processed fabrics are ecologically safe,
garments stay bright and fresh and aremore durable than non-processed fabrics. Nan-
otechnology is being used exhaustively to varied disciplines, industries andmaterials
along with fashion and textiles to bring imaginative, exciting and novel properties to

NANOPARTICLE 
APPLICATIONS

Antimicrobial 
Activity

U.V. 
Protection

Oil and 
Water 

Repellent 
Finishes

Self 
Cleanning 
Property

Antistatic
Property

Wrinkle 
Resistance 

Fig. 6 Some areas where nanoparticles are being used for textiles surface modification
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fabrics. Innovation in nano-processing has led to the development of materials which
range from scent producing, colour changing and lightweight bulletproof materials
to textiles with displays (Joshi and Bhattacharyya 2011; Mishra 2014; Rezaei 2016).

With an overview of widespread applications of nanoparticles in the field of sur-
face modification of materials, it is vital to understand the mechanism of adhesion
of these particles on the substrate. The attachment of nanostructures onto the sub-
strate can be physical or chemical. The physical adhesion occurs mostly due to van
der Waals forces or electrostatic forces of attraction between interacting particles
while the chemical adhesion of particles is an outcome of ionic, covalent, metallic
and hydrogen bonds. Apart from physical and chemical adhesion, nanoparticles also
get attached due to mechanical interlocking with the substrate surface wherein they
penetrate deep into certain parts of the substrate like pores, hole or crevices formed
as a result of surface etching or surface roughness effects. The first consequence of
plasma or corona treatment of the fabric is etching or surface cleaning which leads
to an increase in surface roughness and ultimately leads to improved adhesion of
nanostructures on the fabric surface (Gorjanc et al. 2013).

4 Recent Studies on Modification of Textiles by Plasma
and Nanoparticles

In recent times, the use of plasma technology for physicochemical surface modifi-
cation of textiles has become a fascinating and efficient technique for enhancement
or replacement of conventional wet chemical processing. This approach furnishes
a unique opportunity to modify the surface properties without interfering with the
bulk material to suit the particular end use. With the low cost of operation, rapid
processing and high efficiency, it is an environmentally friendly technique which is
aimed at saving energy and water consumption by textile industries.

4.1 Antimicrobial Finish

Demand for antimicrobial textiles has been on an upsurge in recent years due to pub-
lic awareness of potential threats and infections (Gorjanc et al. 2010). Generation
of antimicrobial textiles is a necessity for health and hygiene industry along with
prominent importance to sports, military, bedding, childcare and underclothes. Med-
ical textiles such as surgical masks, caps, gowns and bio-implants all need to possess
high antimicrobial efficiency and biodegradability. To render a fabric antimicrobial, a
lot of chemical approaches are used like the use of chemicals likeN-halamine, quater-
nary ammonium salts, nanoparticles of zinc and silver, chitosan nanocomposites and
coating with chemicals to provide oil-repellent finishes (Ilić et al. 2009; Primc 2016).
In particular, silver in its ground state (as AgNPs) shows strong bactericidal effects
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and strong antimicrobial effects in its ionic state (Ag+) (Deng et al. 2015). Zinc oxide
(ZnO) nanoparticles possess excellent photocatalytic activity, superior UV blocking
capacity, as well as antifungal and antibacterial properties (Rezaei 2016). ZnO is an
inexpensive and abundant material. The use of nanoparticles has been done exten-
sively to enhance the antimicrobial activity of textile materials as their size is similar
to that of most biological molecules. Therefore, they can easily penetrate the organic
matrix and can be used for in vivo and in vitro medical research. Metallic oxides or
metals in ionic states are toxic to bacteria even at low concentrations. The various
mechanisms responsible for the action have been proposed. Binding to intracellular
proteins and inactivating the bacteria or damage to microbial cell wall due to reac-
tive oxygen species are some of the reported effects of metal nanoparticles (Shahidi
2018). However, their immobilisation on textile material is a challenge which can
be overcome by pretreatment of fabric by plasma, and many studies have reported
favourable results (Airoudj et al. 2014).

Cellulose is the most prevalent natural biopolymer on this planet, assimilating
many important properties like bioavailability, biodegradability andbiocompatibility.
Cotton is the natural fibrewhich is composedof 95%cellulose. It is the primary source
of sustainable clothing material with the highest demand due to being comfortable
to wear and easy to maintain. Natural cellulose materials are easily attacked by
microbes like bacteria and fungi due to their moisture-retaining ability and presence
of organic materials in their skeletal framework (Gorjanc et al. 2010).

Gorjanc et al. studied the effect of plasma treatment on the adhesion of silver
nanoparticles on cotton fabric and antimicrobial effect of silver nanoparticles on
plasma-treated and plasma-untreated fabrics against E. coli and P. aeruginosa bac-
teria. They treated cotton fabric in CF4 gas created in an RF plasma system for
10 s. SEM images showed that untreated cotton had a smoother surface, whereas the
plasma-treated surface appeared non-structured due to etching by F and O radicals
which led to a dramatic increase in surface roughness and hence to higher adsorp-
tion of silver nanoparticles. Plasma treatment effect could sustain up to ten washing
cycles as the quantity of silver on plasma-treated and washed samples did not show
much variation in the tests. The antimicrobial efficacy of silver nanoparticleswas also
proved with reasonable reduction of more than 77 and 68% in P. aeruginosa and E.
coli, respectively, in plasma-treated and silver nanoparticle-loaded samples (Gorjanc
et al. 2010, 2013). Shahidi and Ghoranneviss deposited a nanolayer of silver ions on
cotton fabric using a DC magnetron sputtering system. A silver anode and cathode
were used, and samples placed on anode were sputtered with metal particles on both
sides. The cotton fabric kept on anode were functionalised with low-pressure plasma
for different exposure times (10, 150, 300 s) and different gas pressures (0.002, 0.05,
0.08 Torr) divided into nine runs with a combination of treatment time and gas pres-
sure. The changes in surface topology with rough and etched surface and deposited
silver nanoparticles are visible in SEM images plasma-treated cotton samples. The
highest amount of deposited silver was 1.018% for run 6 which was at 0.05 Torr gas
pressure and 300 s of treatment time which reduced to 0.998% after ten washing
cycles. This shows that the durability of silver ions is maintained even after repeated
laundering. The bacterial counting test showed a 100% reduction of bacteria, E. coli
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and S. aureus, from 300 s treatment but just 10 s treatment gave 96 and 98% bacterial
reduction for the bacteria, respectively, and that results were maintained even after
ten cycles of washing (Shahidi and Ghoranneviss 2016).

Grafting of textiles has also been used to achieve surface modification for enhanc-
ing the antimicrobial efficiency of the fabric. Airoudj et al. reported a solvent-free,
dry-plasma polymerisation method for firmly anchoring silver nanoparticles on cot-
ton fabrics to achieve antibacterial property. Plasma polymer functionalised cotton
was obtained by coating a thin film ofmaleic anhydride powdered vapours alongwith
air plasmaonto the fabric for 2, 8 and 30min time interval. The anhydride groupswere
then hydrolysed into carboxylic acids by dipping the fabrics in water. These charged
acidic groups were meant to help in better adhesion of silver ions through electro-
static interactions. Then, the maleic acid-plasma polymerised substrate was dipped
in an aqueous solution of silver ions which reduced and coalesced into nanoparticles
in an NaBH4 solution. The formation and adhesion of nanoparticles were confirmed
by TEM images which showed uniformly distributed spherical-shaped nanoparticles
with an average size of 8 nm. The loading of silver ionswas also confirmed by surface
plasmon resonance (SPR) band of AgNPs in the UV–Vis region with a maximum at
415 nm. The UV–Visible absorbance spectra depicted a decrease in optical density
by varying the plasma duty cycle with maximum intensity for 2 min treatment and
minimum for 30 min. Antibacterial activity of treated samples which was evaluated
by two methods, i.e. agar-plate and epifluorescence studies, both reported no or less
growth of bacteria inAgNPs and plasmapolymerised samples. The bactericidal effect
was explained as a consequence of the leaching of antibacterial silver ions from the
attached nanoparticles into the plasma polymerised samples. The durability of silver
ions on the plasma polymerised sample was checked by subjecting them to three
washing cycles in a hot water bath. The results depicted no change in colour (yellow
due to the presence of silver ions) of the samples along with no change in UV–Vis
absorbance spectra indicating that silver particles are quite strongly linked to the
fabric (Airoudj et al. 2014). In another study (Haji et al. 2013), researches enhanced
the antimicrobial activity of cotton fabric by using radiofrequency (13.56 MHz)
low-pressure oxygen plasma pretreatment for 5 min along with grafting of acrylic
acid monomer to activate the surface for better attachment of silver particles on the
substrate. The activated cotton fabric samples were immersed in AgNO3 solution
and after that in NaBH4 solution to reduce the adsorbed Ag+ ions into Ag˙ radicals.
A colour change in the fabric from white to brownish yellow indicated synthesis
and attachment of silver nanoparticles which was also confirmed by SEM analysis
as the plasma polymerised and AgNP-loaded surface appeared rough and etched as
compared to untreated. Cotton fabric surface consists of an overall negative charge
due to the presence of carboxyl and hydroxyl group in the polymer chain. Pretreat-
ment with oxygen plasma and acrylic acid helped in enhancing the negative charge
along with increasing the roughness of the surface by plasma etching. The silver ions
carrying a positive charge (Ag+) get incorporated to the surface due to strong elec-
trostatic interactions and gets strongly bonded to the active sites created as a result
of plasma etching and acrylic acid grafting. The absorbed silver ions were converted
to silver atoms and coalesce to generate nanoparticles in the presence of reducing
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agent NaBH4. The proposed mechanism of silver ion adsorption and reduction to
nanoparticles is as follows:

Cotton - XH −→ Cotton - X− (XH = OH,COOH)
Cotton - X− + Ag+ −→ Cotton - X−Ag+

Cotton - X−(
nAg+) + NaBH4 −→ Cotton - X(Ag)n

The acrylic acid grafted and silver ion-loaded samples gave an active zone of
inhibition against test organisms E. coli and S. aureus as compared to untreated
samples indicating better loading efficiency as a result of plasma treatment. The
same plasma setup was used by researchers to enhance the antimicrobial activity
of acrylic acid grafted wool fibre using silver nanoparticles and Berberine natural
dye as two different kinds of antibacterial agents. From the SEM images, it was
clearly evident of nanosilver loading on the fabric surface which was attributed
due to increased surface roughness after plasma treatment, the formation of active
surface groups and removal of surface lipids layers. Compared to untreated fabrics,
Berberine dyed plasma pretreated samples showed better dye absorption and good
fastness to light, washing and rubbing along with an excellent antibacterial activity
to E. coli and S. aureus bacteria. Berberine which is an N containing quaternary
ammonium compound causes bacterial lysis by destroying the negatively charged
cell membrane with denaturing of protein and ultimately disrupting cell structure. In
order to replace metal mordant like alum due to toxic nature, the plasma pretreated
samples were grafted with β-cyclodextrin prior to dyeing with Berberine. The said
samples showed an increase in weight gain due to increased dye attachment along
with 99.9% bacterial reduction as compared to untreated dyed sample (48.1%) (Haji
2015).

Shahidi et al. studied the enhancement of antimicrobial characteristic in cotton
fabric by functionalizing it first with plasma and then with ZnO nanoparticles. Pre
functionalisation of the material was done using low-pressure DCmagnetron plasma
sputtering device using air for 5min. ZnO nanoparticles were then in situ synthesised
by sonochemical method at room temperature on both untreated and plasma-treated
fabrics. FESEM analysis of the samples reported the presence of spherical nanoparti-
cles within the size range of 20–90 nm along with the generation of porous and rough
areas on the plasma-treated surface which is supposed to enhance the absorption of
solvents like ZnO nanoparticles and increase hydrophilicity. XRD analysis of the
treated samples also confirmed the presence of nanoparticles by giving peaks corre-
sponding to the spherical type of ZnO. The FTIR study of the samples also showed
an overlap of –OH and –NH functional groups in the region of 3400 cm−1 which
arise due to the reaction between the active plasma species and fabric surface atoms.
The antibacterial studies performed using colony count method concluded that the
untreated fabric does not have any antibacterial properties, whereas the ZnO plasma-
treated samples demonstrated strong antibacterial efficiency. The difference in the
bactericidal property was explained to be due to the chemical interactions between
peroxide radicals of air plasma and membrane proteins as well as the lipid bilayer
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of bacteria which ultimately lead to breaking of membrane and killing of the organ-
ism. The percentage reduction of bacteria for plasma-treated and ZnO nanoparticle
deposited cotton fabric was 100% compared to untreated and ZnO nanoparticle-
coated samples, and antimicrobial property sustained even after 30 washing cycles
with no visible growth of bacteria (Shahidi 2018).

There has been a rigorous attempt in the field of textile engineering to improve the
characteristics of synthetic fibres to imitate natural ones. Synthetic fabrics although
have various advantages like low prices, more strength and elasticity but they lack
basic properties essential for a clothing application like hydrophilicity, dye adhesion
and capillary action. Plasma treatment thus is used to modify the surface of the
fibres and keeping bulk properties intact. Although low-pressure RF plasma sources
provide greater stability and uniformity, they are much difficult to handle than corona
discharges and dielectric barrier discharges due to complex handling of vacuum
systems (Ilić et al. 2009; Radetić et al. 2008; Rezaei 2016).

A study was carried out by Rezaei et al. to optimise the percent nano-adhesion
of ZnO nanoparticles on nylon fabric after corona treatment to improve antibacterial
resistance and dyeing properties. It was easily illustrated from the results that wet-
tability of the fabric increased with increasing the power and numbers of passages
which can be attributed to an increase in surface area of the sample along with imbib-
ing various hydrophilic functional groups like COOH or OH. The SEM investigation
showed corona treatment helped in etching the surface aswell as creating holeswhich
makes any particles to adhere to the surface easily like dyes or nanoparticles. Corona
pretreated fabric when imbued with nano-zinc filled the empty holes and stuck to the
surface. The antibacterial results showed a 96% reduction for S. aureus and 100%
reduction for E. coli (Rezaei 2016).

Radetic et al. studied the possibility of using a corona treatment on polyamide
and polyester fabrics to facilitate the loading of silver nanoparticles on the activated
surface. Despite wide applications of these synthetic fabrics like polyester (PES)
and polyamide (PA), their hydrophobic nature and low surface energy act as a barrier
between the surface and different coatings. However, corona treatment and plasma
treatment can act as a means of overcoming this difficulty due to enabling oxida-
tion of fibre surface and formation of new functional groups like COOH or OH.
The hydrophilicity induced by corona treatment gave a sharp decrease in the contact
angle of a water droplet from 86° to 56° for polyester, while a small decrease was
observed in polyamide fabric from 83° to 76°. SEM studies also showed that corona
treatment roughened the surface with an increased and uniform surface area. Corona
induced morphological changes in the form of fibre etching as a consequence of
the severe bombardment of ions and energetic particles. SEM analysis clearly indi-
cated a remarkable increase in number and uniformity of attached colloidal AgNPs
on untreated and silver-loaded fabrics. The increase in hydrophilicity, as well as
chemical and physical changes on the fabric surface, influences the binding ability
of water-based colloidal silver nanoparticles. The XPS spectra also showed a con-
siderable increase in O/C ration. C18 spectra result clearly indicated a significant
increase in the content of C = O and O–C = O groups on PES surface, whereas the
C–N and C–O groups were almost doubled in PA fabric with a visible decrease in
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C–C and C–H groups confirming the chain scission induced by plasma particles and
further oxidation of the carboxylate groups. Corona treatment leads to an increasing
amount of silver on PES and PA fabric although PES fabric contained higher amount
due to more number of carboxyl groups and benzene ring in their skeleton con-
firmed by surface-enhanced Raman spectroscopy of the strong interaction between
AgNPs and benzene ring. The bacterial reduction test showed maximum reduction
by silver-loaded polyamide fabric with 99% reduction than polyester for both the
bacteria, i.e. S. aureus and E. coli. Improved antibacterial resistance can be attributed
to enhanced surface roughness and hydrophilicity whichmade silver nanoparticles to
easily adhere to the fabric and in turn to bacteria to finally degrade them. The antibac-
terial effect was almost not altered after washing in both the silver-loaded fabrics
indicating outstanding laundering durability (Radetić et al. 2008). Radetic and Ilic
also studied the antifungal effect on silver-coated, dyed and undyed corona-treated
fabrics against a most common fungus responsible for itching skin infections, i.e.
Candida albicans using disperse dyes. Antifungal tests showed more percent fungal
reduction in corona-treated PA fabric but after 5 washing the % reduction was more
in PES fabric which is in the direct effect of higher adsorption of silver nanoparticles.
The fungal reduction of dyed untreated and corona-treated PES fabric loaded with
AgNPs was more than in undyed samples which could be due to the presence of
amino groups in the dye structure which is known to obstruct the fungal growth by
cell membrane lysis (Ilić et al. 2009).

Deng et al. studied a novel method for incorporating silver nanoparticles on non-
woven polyethylene terephthalate (PET) fabric for preparation of antibacterial tex-
tiles by double-layer plasma deposition of silicon films. A plasma jet generated in
a mixture of N2 and O2 gas along with tetradimethyldisiloxane (TMDSO) as the
organosilicon precursor was used for deposition (Fig. 7).

The nanosilver PET fabrics were prepared in a three-step procedure: First by
depositing a layer of an organosilicon thin film called a reservation layer, using
atmospheric pressure plasma system, then immersing the fabric in AgNPs and finally
coating the second layer of organosilicon to act as a barrier layer to prevent removal
of attached nanoparticles (Fig. 8).

The nanoparticles were coated at four different concentrations, i.e. 1, 2, 5 and
10 mg/ml. The SEM images depicted a smooth and uniformly incorporated AgNPs
on the PET surface. All sliver-treated fabrics showed activity against the chosen
microbes but the fabric treated with 5 mg/ml sample showed maximum bacterial
reduction with reduction rates corresponding to 99 and 100% for S. aureus and E.
coli. The Gram-positive bacterium, S. aureus, consists of peptidoglycan in the cell

Fig. 7 Diagrammatic representation of surface modification of the substrate (Deng et al. 2015)
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Fig. 8 Schematic representation of silver ions generation and diffusion from the barrier layer to
liquid medium (Deng et al. 2015)

wall which provides them higher cell protection against penetration of antibiotics
in their cytoplasm since it is much thicker than Gram-negative bacteria, E. coli
(Deng et al. 2014, 2015). They also studied the antifungal and antibacterial effect
of organosilicon plasma deposition on PET fabric against common pathogenic
bacteria like P. aeruginosa, S. aureus and a fungus C. albicans causing serious skin
infections. Both the bacteria are resistant to a great number of antimicrobial agents
and are the most common source of infection in hospitalised patients. The XPS and
SEM results demonstrated equal concentrations of elements on both the top and
bottom surfaces indicating plasma penetrated into the structure of the fabric and
both the sides can be treated simultaneously. The antimicrobial tests revealed that
sample with 10 nm barrier layer showed more microbial reduction (90% in case of
S. aureus and C. albicans and 80% in the case of P. aeruginosa) than those with
50 nm layer. The washing fastness also revealed that silver concentration showed
greater fluctuations in samples without barrier layer, whereas the samples coated
with barrier layer have almost negligible fluctuations for all washing cycles. The
results were thus explained as the barrier layer led to effective immobilisation of
silver in the matrix along with stability which sustained even after 10 washing
(Deng et al. 2015). Kumar et al. modified the surface of polyethylene terephthalate
by grafting plasma polymerised acrylic acid monomer to study the antibacterial
activity of fabric with silver nanoparticles. The qualitative and quantitative results
depicted a strong bacterial reduction (more than 99%) against E. coli and S. aureus
by plasma-modified fabric compared to untreated one (Kumar 2013).
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4.2 UV Treatment

With the growing environmental concern for the degradation of the ozone layer and
global warming, awareness has been created for protection against harmful UV rays,
one of the most prominent risk factors for the development of skin cancer. Fabrics
are the easiest and convenient UV protection source, but they do not completely
block the harmful UV rays. To determine the UV protection strength of the fabric,
UV protection factor (UPF) is commonly used. UPF allows an evaluation of UV
protection provided by textiles concerning the spectral composition of sunlight and
human skin sensitivities. The higher the value of UPF, the more is the UV blocking
capacity of the fabric. According to ASTM standards, range of UPF rating given to
fabrics is as follows (Shahidi and Ghoranneviss 2016):

UPF rating Protection quality %UV radiation blocked

15–24 Good UV protection 93–95

25–39 Very good UV protection 96–97

40–50+ Excellent UV protection 97.5–98+

The UPF values of textiles can be increased by treating them with metal nanopar-
ticles like ZnO; however, excessive use of nanoparticles can lead to ecological prob-
lems as they are easily washed off and contaminate the water bodies. Physical adhe-
sion of nanoparticles to the fabric surface can be enhanced by pretreatment of fabric
with plasma (Gorjanc et al. 2014) (Fig. 9).

Shahidi and Ghoranneviss deposited nanolayer of silver on cotton fabric using a
DC magnetron sputter device. They studied the UV blocking capacity of the treated
and untreated fabrics using UV transmittance study and UPF estimation. The UV

Fig. 9 Schematic
representation of UV light
affecting the fabric
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transmittance of plasma-treated and silver-sputtered fabrics increased gradually from
less than 4% in the UV-B region for run 1 and grew to a minimum of 0.2% for a run 6
compared to 7–10% transmittance of untreated samples indicating that the resistance
of an untreated fabric to UV rays was weak. UPF values increased to 264.34 for the
silver-sputtered cotton fabric in run 6 that was 300 s and 0.005 gas pressure com-
pared to 11.71 of untreated. These results indicate that untreated cotton had a high
UV transmittance and low UPF, while the sputtered fabrics had a high UPF and low
UV transmittance which increased with plasma treatment time. These results present
plasma and nanoparticles as a promising technology for developing UV protection
textiles (Shahidi and Ghoranneviss 2016). In one of the studies, scientists treated cot-
ton samples in low-pressure inductively coupled radiofrequency plasma system for
10, 20 and 30 s to increase their adsorptive properties. Plasma-treated samples were
functionalisedwith 3%ZnO nanoparticles for enhancingUV protection properties of
the fabric. The XPS survey spectra depicted a higher O/C ratio along with increased
C–O bonds and decreased C–C bonds due to the incorporation of oxygen-containing
functional groups on the cellulosic surface. SEM images also clearly showed the
increasing percentage of ZnO nanoparticles on the plasma-treated surface with even
distribution and no agglomerates after more prolonged plasma treatment. Zinc oxide
nanoparticles functionalised cotton fabric showed excellent UV protection with a
UPF value of 33.63, but it increased twofold in case of 30 s plasma-treated sample
which proved that more prolonged plasma treatment increased the content of ZnO
nanoparticles on the fibres. The durability of plasma and nanoparticle treatment was
assessed in 10 washing cycles. After one wash, UPF value were not changed exten-
sively, but after ten wash there was a significant decrease in UPF values although
the values remained highest for 30 s plasma-treated samples (Jazbec et al. 2015).
CF4 plasma has also been used to increase the adhesion of ZnO nanoparticles and in
turn, generate good UV protective properties on cotton fabrics. Gorjanc et al. treated
cotton fabrics in weakly ionised gaseous plasma created in a mixture of CF4 and H2O
gas with an electrodeless RF discharge for a treatment time of 10, 20 and 30 s. The
researchers claimed that although CF4 gas is typically associated with hydrophobic-
ity when used in combination with oxygen it increases the polymer etch rates. To
confirm the hypothesis that treatment withmoist CF4 plasma gives better etch results,
a series of characterisation studies were carried out. Optical emission spectroscopy
(OES) study reveals that the intensity of CO molecular bands was much lower for
CF4 plasma-treated sample compared to H2O plasma-treated sample indicating that
better etching and oxidation was achieved in the earlier plasma gas. SEM images
showed a smooth exterior of untreated fibrils compared to rough topography of 30 s
plasma-treated cottonfibres. SEM images ofH2Oplasma-treated sample also showed
morphological changes but the etching effect was less pronounced than CF4 plasma-
treated fibres. TheXPS spectra of 30 s plasma-treated sample detected themeasurable
amount of F alongwith a decreasedO/C ratio, whereas all the other sampleswere free
of it suggesting of its hydrophobic nature.Wettability and absorptivitymeasurements
performed on untreated and CF4 plasma-treated cotton samples also backed the XPS
results as the 30 s CF4 plasma-treated samples displayed hydrophobic character with
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zero capillary rise of water and 186 s of wet-out time compared to 61 mm capil-
lary rise and 0 s wet-out time of 10 s plasma-treated samples. To analyse the effect
of ZnO adhesion on fabric after plasma treatment SEM, UPF and ICP-M analyses
were carried out. SEM analyses indicated that difference in zinc nanoparticles dis-
tribution. Untreated samples had unevenly distributed nanoparticles where the 10 s
plasma-treated samples were covered with a larger quantity of non-agglomerated
nanoparticles which was just opposite to 30 s plasma-treated sample as unevenly
agglomerated nanoparticles were present on the fibre surface. The UPF results and
ICP-MS analyses authenticated SEM analysis. The sample that was treated for 10 s
CF4 plasma contained the highest quantity of Zn with highest UPF value (58.89),
whereas the untreated fabric had the lowest amount of zinc and minimum UPF value
(33.63). The amount of zinc and UPF values of H2O plasma-treated samples were
lower than 10 and 20 s CF4 plasma-treated samples. These results clearly prove that
plasma treatment increases the adsorption of ZnO nanoparticles on cotton but only
up to 10 s treatment time. Smaller nanoparticles offer more protection against harm-
ful UV radiation than larger particles; hence, although increased surface roughness
of 30 s plasma-treated samples had enhanced nanoparticles adhesion but still had
the lowest UPF value as the particles were agglomerated. The whiteness index of
cotton was enhanced after ZnO binding but decreased by long exposure to plasma
treatment even after ZnO nanoparticle functionalisation. The wash fastness of ZnO
functionalised samples was not at par as the UPF values decreased dramatically after
washing but since no binders were used to stabilise nanoparticles upon the surface
the obtained results were expected (Gorjanc et al. 2014).

4.3 Self-cleaning

Self-cleaning has been observed in plants like lotus as an important property. SEM
images of lotus leaf surface have shown a number of micro- to nanostructures which
do not allow particles to adhere and roll off water droplets from the surface picking
long dust particles to keep the leaf surface clean and dry even in swampy areas. The
technical expression of this basic idea has been patented by the trade name Lotus
effect® for such type of superhydrophobic self-cleaning products (Vigneshwaran
2009).

Application of crystalline TiO2 as photocatalyst has increased tremendously over
the period of time due to the large surface area and better diffusibility of nanoparti-
cles than macro-sized one. Commercially, nano-TiO2 find widespread applicability
in water purification, air purification, disinfection but their usage in the textile surface
modification is still in early stages. With plasma pretreatment, a variety of negatively
charged functional groups like C–O, C=O, –COH, –COOHwere introduced on the
fabric surface by the reaction between active O species of air and plasma-activated
carbon functional groups of textiles which helped in better bondability of Ti+4 ion
of TiO2. To develop the self-cleaning functionality of fabrics, Bozzi et al. activated
cotton, polyester, wool–polyamide with radiofrequency (RF) plasma (13.6 MHz,
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100 W) and microwave (MW) plasma (2450 MHz, 600 W). Post-plasma treatment
100 °C temperature was sufficient to attach TiO2 to the fabric in contrast to the
conventional high temperature of 500 °C used for coating of glass and silica. The
degradation of organic stains like coffee, wine or grease on textiles activated by
plasma and TTIP or TiCl4 colloidal TiO2 was accompanied with the release of CO2.
In case of cotton, a 60 min RF plasma-treated bleached cotton showed the maximum
CO2 evolution (2000 μl) and a mercerised cotton showed the maximum amount of
CO2 for just 15 s MW plasma treatment for wine stain after 24 h suntest light irra-
diation. MW plasma treatment was accompanied by heat so it increased the contact
between cotton tissue and TiO2 nanoparticle surface, thus increasing dispersion rate
on the fabric with little treatment time. No CO2 was observed in any of the fabric in
the absence of TiO2 or absence of any stain. In case of pretreated polyester and wool–
polyamide samples, self-cleaning action was enhanced in 30 min RF plasma-treated
sample coated with colloidal TiO2 as a basic layer followed by another coating of
Degussa P-25 nanoparticles. The action of nanoparticles was clearly visible with
partial discolouration induced by light and a generous amount of CO2 gas evolved.
A TiO2 coating with 150–220 nm thickens was observed in TEM micrograph for
cotton samples and 20–25 nm for synthetic fabric. XRD spectra showed peaks for
rutile form of TiO2 nanoparticle along with some amorphous TiO2. The mechanism
of self-cleaning was explained by a photochemical reaction where coffee or wine
pigments would inject an electron in TiO2 conduction band to generate highly active
O– radicals (Airoudj et al. 2014), or the excited pigmentwill reactwith photo-induced
holes which will react with carboxylic acids through Kolbe-type reaction to generate
CO2 (Bhatia 2016). The active O– species further generate oxidative radicals like
HO2˙–, OH˙, RO˙, RO2˙ which will eventually degrade the textile stains (Bozzi et al.
2005).

e−
cb + O2 −→ O−

2 (1)

RCOO− + hvb+ −→ R• + CO2 (2)

4.4 Dye Adsorption Enhancement

Plasma treatment has been highly successful in etching the hydrophobic layer in
natural polymers. Etching of the surface improves dye and fibre interaction thereby
more dye particles get attached to the treated substrate and penetrate into the bulk.
Plasma pretreatment of any textile thus is effective in enhancing dyeing rate, dye
bath exhaustion and provide more homogenised dyeing (Morent et al. 2008). Rezaei
et al. showed that corona treatment was helpful in increasing the attachment of nano-
zinc on nylon fabric surface which was visible with SEM studies. The pretreated
sample was dyed with acidic dye. The K/S results demonstrated that with increasing
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Table 2 K/S values of untreated and plasma-treated dyed samples (UT—untreated, PT—plasma-
treated, US—untreated and silver-loaded samples, PS—plasma-treated silver-loaded sample)

Sample K/S λ max

UT 0.8573 550

PT 0.8292 550

US 0.0762 360

PS 0.1528 360

power and treatment time, dye absorption decreases due to increase in nanoparticle
adsorption As corona method enhanced porosity of the fabric the number of adhered
nanoparticles increased and thus decreased the adsorption of dye particles due to
less free space which was clearly visible from K/S values with maximum value of
the untreated dyed sample without nanoparticle. The reflectance values in UV range
showed that with increasing power and time the reflectance values increased which
can be used to interpret that due to nano-ZnO ability to absorb high energy beans
in UV region means that with nano-treatment UV blocking fabric can be produced
(Rezaei 2016).

Gorjanc et al. studied the difference in dye adsorption using a reactive dye
Cibacron Deep Red S-B. The K/S values of untreated and plasma-treated dyed fab-
rics did not show much difference, whereas the K/S values of CF4 plasma processed
and silver nanoparticle-loaded samples increased by 50% compared to untreated
silver-loaded samples (Table 2) (Gorjanc et al. 2013).

4.5 Mechanical Strength

Low-pressure radiofrequency oxygenplasmadischargewas applied onZnOnanopar-
ticle functionalised cotton fabric to check the mechanical strength of the samples.
The breaking strength and breaking elongation analysis explained that the untreated
sample had the lowest value of breaking strength and elongation, while the 30 s
treated sample had the highest mechanical strength. The SEM analysis of more pro-
longed plasma-treated cotton samples depicted more grooved and etched surface. In
the images, it is visible that upper individual microfibrils were stripped and separated
and intertwined with fibres at the surface, increasing interyarn and interfiber friction,
thereby enhancing the breaking strength of the textile fabric (Jazbec et al. 2015).

4.6 Moisture Absorption

Synthetic fibres like polyamide and polyester have an upper hand in consumer usage
due to their highmodulus strength, stiffness, wrinkle resistance and cheaper value but
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they possess poor absorption property which limits their application in the apparel
sector. A studywas carried out to check the influence of atmospheric pressure plasma
on silicon nanoemulsions softener on polyester fibre, and it was observed that plasma
treatment escalated the recovery angles. Plasma processing increases the roughness
of the surface which captures more air and water from atmosphere leading to better
moisture absorption and it also generates more polar groups which thereby improves
the hydrophilicity of the sample. Thus, the application of plasma before softener coat-
ing increased the penetration of nanoemulsions to the depth hence reduced friction
of fibres and as a result ability of the fabric to recover from deformation improved.
The nanoemulsions silicone softer is hydrophobic in nature. The results indicated a
decrease in moisture regain for plasma pretreated and silicone-coated fabric com-
pared to only nanoemulsions coated fabric. It can be clearly explained as a result of an
increase of hydrophilicity of plasma-treated fabric which facilitated better adhesion
and spreading of nanoemulsions ultimately reducing the moisture absorption by the
surface (Joshi and Bhattacharyya 2011; Parvinzadeh and Ebrahimi 2011).

4.7 Flame-Retardant Textiles

Surface modification by plasma treatment can be significant in synthesising nano-
porous structures. Coating by plasma method is considered more durable than spray-
ing methods since the molecules are chemically bonded to the treated substrate.
Functional textiles are the new demand in recent times in the textile industry and
the demand for flame-retardant textiles is particularly in firefighter clothes, uphol-
stery, military garments and work clothing. Raslan et al. studied the effect of dielec-
tric barrier discharge (DBD) plasma treatment after the deposition of fire-resistant
aluminium oxide (Al2O3) nanopowder on polyester fabric to measure the flame-
retardant capability of the treated fabric. SEM images showed a clear deposition of
Al2O3 nanoparticles in the cracks and pores resulted from plasma treatment on the
fibre surface. The thermogravimetric analysis (TGA) values exhibited an increase in
the start of degradation temperature from 291.58 °C of untreated sample to 320.96 °C
of nanocoated and plasma-modified sample. Furthermore, the flame retardancy test
results completely correlated with TGA analysis and showed an increase in burning
time from 39 s for untreated samples to 50 s for plasma-treated sample and at the
same time a decrease in burning rate from 230 mm/min to 180 mm/min for the sam-
ple samples. These results indicated that the thermal stability of the fabric increased
after nanocoating followed by plasma surface modification (Raslan et al. 2011).

5 Conclusion and Future Trend

In recent times, the use of plasma technology for physicochemical surface modifica-
tion of textiles has become a fascinating and efficient technique for enhancement or
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replacement of conventional wet chemical processing. The properties of the selected
material can be modified using different plasma gas and changing the treatment
parameters like time, voltage and power. Apart from plasma technology, nanotech-
nology also makes for a promising tool to modify and enhance the characteristics
of fabrics. Nanoparticles have a smaller size and large surface area which makes
this method a suitable method for tailoring a wide range of surface properties which
are much difficult by conventional methods. Apart from the properties mentioned
in Sect. 4 like antimicrobial, UV protection, stain removal, better dye adsorption, a
plasma pretreated and nanoparticle-coated polymers can advance anti-felting, anti-
static, electrical conductivity and abrasion resistance properties. It also strengthens
the mechanical durability of fabric by increasing fabric roughness and optical reflec-
tivity which is crucial for developing photocatalytic applications. Though these tech-
nologies have so much to offer, the industrial scale-up of pretreated textiles is still
in the research stage and has been rather slow in delivering clothing to customers
to be worn on a daily basis. One of the few prominent reasons for this holdback is
the durability of treatments whether it may be plasma or nanoparticles and also the
need to use different types of reactors and gases varying with different samples. But
on a positive note, an increasing integration among the researchers, textile technol-
ogists and designers can be seen to overcome the challenge of industrialisation of
plasma-treated clothes. It is to be expected that if fully utilised, these technologies
can be used in different branches of the industries to develop much more durable and
special trait-oriented fabric for biomedical, health care and military and also develop
smart and intelligent textiles.
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Removal of Ni(II) and Zn(II)
from Aqueous Media Using
Algae-Sodium Bentonite Nanocomposite

Tanveer Rasool and Waris Baba

Abstract The composite made by mixing dead Spirogyra algal biomass with nano-
bentonite clay, was used to study the adsorption of Ni(II) and Zn(II) as a function of
pH, contact time, adsorbent dosage and initial ion concentration. An average crystal
size of the composite synthesized was found to be 34.11 nm. The optimum temper-
ature for maximum adsorption was found at 328 and 313 K for Ni(II) and Zn(II),
respectively, in the pH range of 5–6. The results were achieved for the absorbent
dosage between 0.1–0.3 gms per 100 ml of the solution. A decreasing trend was
observed for adsorption capacity by the composite with maximum value at 0.1 gm
dosage for both the metal ions. In contrary, an increasing trend in adsorption was
observed in the concentration range while changing the metal ion concentration from
25 to 150 mg/l. Within the range of optimized parameters calculated, the maximum
percentage recovery was found to be 108.67 mg/g (81%) and 100.78 mg/g (77%)
for Ni(II) and Zn(II), respectively. Langmuir adsorption isotherm and pseudo sec-
ond order models were best fit for equilibrium data, highlighting the potential of
Algae-bentonite composite as possible feed stock for adsorption of heavy metals
from aqueous media.

Keywords Nano composite · Adsorption · Algae · Optimization

1 Introduction

The rapid rise in the industrialization and urbanization have coupled itself with the
serious environmental pollution causing serious threat to humanity at large. Heavy
metals present in effluents and chemicals from industries above a certain permissible
limit are known for their high toxicity and serious public health issues (Freitas et al.
2008). Some of the common heavymetals reported aremercury, lead, arsenic, cobalt,
chromium, nickel, zinc,manganese, selenium, antimony etc. (Ngah et al. 2011). Their
biological accumulation brings out many chronic issues and have a direct impact on
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chemical, neurological and physical impact on humans (Mehta and Gaur 2014).
Unlike organic pollutants which are biodegradable, heavy metals pose a serious
challenge for their removal or remediation from effluents and wastewaters. The focus
of this study are two heavy metals Zn(II) and Ni(II), which owe their origin mostly
from automobile, petroleum, pulp and paper, steel, organic and inorganic chemical,
fertilizer, mining, metal electroplating and steel power plants (Mali et al. 2014;
Srivastava et al. 2007). The permissible concentration limit set by World Health
Organization (W.H.O) for nickel discharge is 0.5mg/l for surfacewater and 0.05mg/l
in drinking water while that for zinc, it is 5 mg/l and 0.05 mg/l, respectively (WHO
2004).

Adsorption has been potentially proven as one of the non destructive and efficient
methods for removal of heavy metals from effluents and waste water (Mali et al.
2014). The recent trend in the removal of heavy metals through adsorption has been
the application of various biomass and clay based composites and these composites
have proven both effective, efficient and eco-friendly in nature (Mali et al. 2014;Ngah
et al. 2011; Rashid et al. 2016). Biomasses based on algae, fungi, bacteria, seaweeds
and other aquatic and terrestrial plankton have been often used for the removal of
heavy metals based on adsorption (Elangovan et al. 2008). On the other hand inves-
tigations on clays such as monti-morillonites, kiolinites, esmectities for adsorption
have shown promising tendencies and efficiencies for removal of heavy metals from
wastes due to their diverse and dynamic characteristics primarily the overall negative
charge on its surface which facilitates the removal of positively charged metal ions
alongwith physical and chemical stabilities and high superficial area. Bentonite com-
posed of monti-morillonites contains swelling clays along with MgO, Fe2O3, Na2O,
SiO2, Al2O3, and K2O and its composites with various biomasses have emerged as
promising and excellent agents for removing heavy metals fromwaste water (Rashid
et al. 2016). In view of promising adsorption characteristics shown by both the dead
algal biomass and bentonite, a nanocomposite of algae-sodium bentonite (ABC) was
synthesized and evaluated for the removal of Ni(II) and Zn(II) from aqueous media.

2 Materials and Methodology

Analytical grade sodium-bentonite (Sigma Aldrich) was used for synthesis of com-
posite bioadsorbent. Besides analytical grade nickel nitrate, zinc nitrate, sodium
hydroxide, hydrochloric acid, sodium chloride, calcium chloride, iron chloride were
used. Deionized water (ASTM Type-II, Rions India) with total chlorides less than
3 ppm, was used for all the experimental procedures. The samples of algae were col-
lected from popular Dal Lake in Srinagar of Jammu&Kashmir (India). The samples
were collected using standard procedure and strains were identified using inverted
microscopy and identified as Spirogyra species. The microscopic view of the algal
strain is presented in Fig. 1.
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Fig. 1 Microscopic view of Spirogyra species of algae

2.1 Pre-treatment of Algal Biomass and Composite
Preparation

Algal mass obtained was thoroughly washed with deionized water. The washed
samples of algae were first sun dried for a full day followed by oven drying at 105 °C
for 8 h to ensure the algal mass is dried completely. The dried algae were manually
ground to obtain powdered algae. TheNa-bentonite andpowdered algal biomasswere
mixed in a ratio of 1:2 in a total mixture weight of 100 gm using deionized water.
The solution was mixed using a magnetic stirrer for 4 h. After mixing properly, the
oven drying of mixture was done at 75 °C for about 7 h. The composite was again
ground manually using a mortar and a pastel. The composite was again dried in
an oven at 105 °C till weight remained constant. The Algae Bentonite Composite
(ABC) thus obtained was pretreated with salt solutions of NaCl followed by KCl.
For each run, salt solutions of 5% by weight were mixed with the ABC and agitated
for 1 h at 130 rpm. Thorough filtering and washing of ABC was done with deionized
water followed by oven drying at 65 ± 5 °C for 6 h and used for batch adsorption
experiments (Rashid et al. 2016). Ni(II) and Zn(II) stock solution of 500 mg/l were
prepared and diluted to required concentrations for each batch experiment. Atomic
Absorption Spectroscopy (ASS-Perkin ElmerAnalyst 800) was used for determining
concentrations of metal ions.

2.2 Adsorption Studies

Stock solutions of Zn(II) and Ni(II) ions were prepared by dissolving the respec-
tive amounts of Zn(NO3)2.6H2O and Ni(NO3)2.6H2O in ultra-pure deionized water.
Working solutions were prepared from stock using dilution method. The variation
of parameters like pH, dosage of adsorbent, time of contact, initial concentration of
metal ions in aqueous solution and temperature were observed. pH of the working
solutions was adjusted using 0.1 M NaOH and 0.1 M HCl. The batch experiments
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were performed in 250ml Erlenmeyer flasks and shakingwas done in an orbital shak-
ing incubator at 125 rpm. The pH, contact time, dosage of adsorbent, initial concen-
tration of metal ions, and temperature were studied in the range of 2–6, 10–120 min
100–300 mg, 50–200 mg/L, and 303.15–333.15° K, respectively. The adsorption
capacity and percentage recovery were calculated using Eqs. 1 and 2, respectively.

qe =
[(
Ci − C f

)
V

1000

]

m
(1)

R% =
[(

Ci − C f
)

Ci

]

× 100 (2)

where, Ci and C f are the initial and final concentrations of metal ions present in
solution (mg/l), qe is adsorption capacity, R%is recovery percentage,V is the volume
of the working solution (ml) and m is the adsorbent dosage (gm).

3 Results and Discussion

3.1 Adsorbent Characterization

ABC characterization was conducted using FTIR, SEM and XRD Analysis. The
infra-red (IR) spectra of the samples were recorded by using Agilent Technolo-
gies Cary 630 FTIR spectrophotometer. The spectra recording were done in the
transmission band mode in the range varying from 750–4500 nm. FTIR analysis
of the composite shows that a large number of peaks are obtained which specifies
many functional groups. Thus, a large number of sites are available for the metal
ions to adsorb. The main functional groups identified are carboxylic groups at
1622 cm−1(–C = O) with ligand atom O has a strong affinity for metal ions. At
1584 cm−1, peak corresponds to an amine group (–NH2) with N as a ligand atom.
At 1511 cm−1, alkanes are present. A peak at 1341 cm−1, corresponds to have
strong nitro groups. The strong phenyl groups are there at 734 cm−1. Other than
these ether groups (C–O), alkenes, ketones and aldehydes are also present. All these
groups have good affinity to adsorb the heavy metal ions which paves the way for
efficient adsorption (Abbas et al. 2014). Scanning Electron Microscopy (FE-SEM
3600-Japan) images of deal algal biomass and algae bentonite composite were used
to study the morphology of the composite. The image of ABC shows clear cracks
on its surface and seems more porous than lone algal biomass. The crystal size of
the composite and its constituents was determined using X-Ray Diffraction (Smart-
Lab 3KW, Rigaku Corporation Japan). The average crystal grain size of the algal
powder, bentonite and the ABC was found in the ranges of 45.2 nm, 57.9 nm and
34.11 nm, respectively. The SEM images and the diffraction pattern of the composite
are presented in Figs. 2 and 3, respectively.
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Fig. 2 SEM image of a dead algal biomass b ABC
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Fig. 3 Diffraction pattern of the ABC

3.2 Effect of Initial pH

The effect of pH on Zn(II) and Ni(II) is shown in Fig. 4. The maximum adsorption
for Zn(II) was observed at pH of 5 while for Ni(II) it was found to fall around the
pH 6. The adsorption of Zn(II) was slightly lower than that of Ni(II). The variation
in the adsorption of both Zn(II) and Ni(II) at different pH values onto ABC may
be attributed to the variation of charges on the surface of adsorbent at different pH
values due to different solute speciation, adsorbent surface and degree of ionization
(Fan et al. 2012). It was observed that the adsorption of metals at extreme basic and
acidic conditions was low. For metal binding functional groups play an important
role and pH significantly effects the functional groups by protonation/deprotonation
which causes varying forces of attraction between sorbate andmetal ions (Ullah et al.
2013). At low pH adsorption is not favoured due to competition of metal ions with H+

ions. As the pH increases, the ligands carrying negative charge increase facilitating
the better binding of positively charged species (Rashid et al. 2016). The adsorption
of both the metals is found to be maximum at pH of about 5–6. Further it may be
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Fig. 4 Effect of initial pH
on adsorption capacity Zn(II)
and Ni(II) on ABC
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explained by relating the effect of pH to the competition between the metal ions and
the hydronium ions onto the working sites of ABC surface. At lower pH of solution,
functional groups get easily protonated due to their association with hydronium ions
(H3O+) resulting in the overall positive charge of the surface. Thus, this phenomenon
results in the low uptake of metals at low pH which can be attributed to the repulsive
forces by the composite surface. As the pH increases more functional groups like
carboxylic, amino groups, phosphate groups get exposed which easily facilitate the
binding of metal ions. Again at much higher pH the adsorption of both the metals
began to drop. This happens due to the OH− species of the solution, which compete
with anion species of divalent Zn(II) and Ni(II) and result in the adsorption of metal
ions.

3.3 Effect of Adsorbent Dosage

The sorption of Zn(II) and Ni(II) on ABC was studied by varying the dosage 0.1
to 0.3 g per 100 ml of solution. The respective results are depicted in Fig. 5. The
results reveal that with an increase in the adsorbent dosage, the adsorption capacity
of the ABC decreases. At the same time the recovery percentage also decreased at
higher dosage for both the metal ions. The maximum adsorption for both the ions
was obtained at 0.1 g of adsorbent dosage. Due to fixed total amount of Zn(II) and
Ni(II) ions available for removal, ion adsorption per mass of adsorbent (adsorption
capacity, q) decreased at higher dosage. The study is in order with some previous
findings (Fourest and Roux 1992; Gong et al. 2005). Moreover, at higher adsorbent
dosage removal efficiency becomes stable showing a low sorption rate increment
per increment of algae bentonite added. The adsorption capacity of Zn(II) and Ni(II)
declined from69.79mg/g to 18.64mg/g and from85.32mg/g to 21mg/g respectively.
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Fig. 5 Effect of adsorbent
mass on adsorption capacity
of ABC
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Fig. 6 Effect of initial
concentration on adsorption
capacity of ABC
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The maximum removal efficiency for Zn(II) was at 69.79% while that for Ni(II), it
is on higher side at 86%.

3.4 Effect of Initial Ion Concentration

As awell-known fact, that only certain amount of adsorbate can adsorb on the surface
of a given mass of adsorbent. As such, the initial ion concentration of metals plays
a vital role in the overall efficiency of the process of adsorption. In the present case,
the initial ion concentrations of both the metals under study, were varied from 25
to 150 mg/l to evaluate this effect. The results of which are depicted in Fig. 6. At
lower concentrations, less metal ions were available for both the solutions, therefore
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the behavior of adsorption seems to be independent of initial concentration of metal
ions. It can be seen that higher percentage of both the metal ions were removed at
lower concentrations. In previous studies, similar adsorption capacity behavior at
lower metal ions concentration have been observed and reported (Gong et al. 2005;
Manzoor et al. 2013; Ullah et al. 2013). But the amount of Zn(II) and Ni(II) metal
ions adsorbed per unit mass of adsorbent improved with increase in metal ion initial
concentrations in both the cases. For Zn(II), the maximum adsorption capacity came
out to be 100.78 mg/g and for Ni(II), it was found to be 108.67 mg/g. At higher
concentrations the available sites might be occupied while as at lower concentrations
more binding sites were available for the metal ions to be adsorbed. At low con-
centrations the binding sites of the algae bentonite composite remained unsaturated.
The findings reiterate that initial metal ion concentration plays a vital role in the pro-
cess of adsorption and therefore the optimization of initial metal ion concentration
is necessary for an efficient adsorption process. The maximum removal efficiencies
for Zn(II) and Ni(II), however, were found to be 77% and 82%, respectively.

3.5 Effect of Contact Time

The rate of adsorption being an characteristic parameter in the design of batch reac-
tors, the effect of contact time was evaluated for the exchange of adsorbate from the
solution on the adsorbent. The effect of contact time for the adsorption of Zn(II) and
Ni(II) metal ions on to the ABC was analyzed for 129 min with initial ion concentra-
tion of 100 mg/l for both Zn(II) and Ni(II) ions at 303.15 K. The adsorbent dosage
was taken as 1 g/l for both Zn(II) and Ni(II) metal ions. A 100 ml metal ion solution
was used, so 100 mg of adsorbent was used for adsorption of Zn(II) and Ni(II) ions,
respectively. The pH of the solution was fixed at an optimum values of 5 for Zn(II)
and 6 for Ni(II), respectively. The uptake of both the Zn(II) and Ni(II) species was
fast at an initial stage of contact time but became slower towards the equilibrium as
indicated from the curves presented in Fig. 7. This is due to the fact that during the
initial stage of adsorption, vacant sorption active sites available for attachment were
large in number. The equilibriumwas reached in 50min for Zn(II) and that for Ni(II),
it was attained in about 60 min. The adsorption capacities of ABC at equilibrium
was found to be 64.87 mg/g for Zinc and that for nickel, it was on the higher side
than that of Zn(II), at 87.2 mg/g. Thus it seems that that the process of adsorption
had followed a two step process, faster initial regime and a slower second regime.
As contact time was further increased the adsorption capacities didn’t increase any
further. This behavior of faster first phase and slower second phase can be explained
by the fact that initially active sites were readily available on the adsorbent surface
while as during the second phase, the exhaustion of vacant sites leads to the slower
adsorption rate. The behavior is in complete agreement with some earlier studies on
various adsorbent materials (Marandi 2011; Safa and Bhatti 2011).
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Fig. 7 Effect of contact time
on adsorption capacity of
ABC
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Fig. 8 Effect of temperature
on adsorption capacity of
algae bentonite composite
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3.6 Effect of Temperature

For both the metal ions, the effect of temperature on adsorption for the present study
was carried out for the range 303.15–333.15 K. As temperature was varied in the
given range the adsorption capacities increased as represented in Fig. 8 for both
Zn(II) and Ni(II) metal ions. For Zn(II), the adsorption capacity of ABC increased
up to a certain amount at 313.15 K and the further elevation in temperature showed
a dip in adsorption capacity. A similar regime was shown by Ni(II) where after
328.15 K, the capacity began to show a minor decrease. The lower adsorption at
higher temperaturesmight be attributed to theweakening of working attractive forces
between the adsorbate and adsorbent (Ho et al. 2005). Thus positive adsorption was
shown by the composite at moderate temperature. At elevated temperatures the active
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sites might be damaged which might be the reason for the decrease in adsorption
capacity. Also according to an adsorption theory by increasing the temperature the
adsorption may decrease because the ions previously adsorbed may begin to desorb
due to elevating temperatures (Ho et al. 2005).

3.7 Equilibrium Isotherm Modeling

The experimental equilibrium data was subjected to different isotherms to get a
deeper insight of the process of adsorption onto the ABC. The equilibrium data was
tested by using Langmuir (1918), Freundlich (1906) and Harkins-Jura isotherms
(1944). In order to optimize the adsorption process, the understanding of the forces
governing the interaction between the ions and adsorbent is necessary.

Langmuir adsorption model assumes that only specific homogenous sites on the
surface of an adsorbent are responsible for adsorption and intermolecular forces
depend directly on the distance from the adsorbent surface and may show a rapid
decrease with the movement of adsorbate away from adsorbent surface. Further the
model assumes that the surface on which adsorption takes place is homogenous in
structure and the sites available for adsorption are all identical in terms of energy. The
Freundlich isotherm is an empirical isotherm used to describe the heterogeneity of
system. The Harkins-Jura isotherms isotherm is employed for multilayer adsorption.
Heterogeneous pore distribution accounts for the multilayer adsorption. The details
of adsorption and kinetic models and the parameters used is compiled in Table 1.

Langmuir adsorption Isotherm can be expressed in the form of a dimensionless
constant separation factor (Rs), expressed as:

Rs = 1

1 + KbCo

where Co is the maximum initial metal ion concentration (mg/l) and Kb(l/mg)
is the Langmuir constant. Rs provides information about the adsorption behavior
as irreversible (Rs = 0); linear (Rs = 1); favorable (0 < Rs < 1) and unfavorable
(Rs > 1) (Rashid et al. 2016; Kilic et al. 2013). The calculated isotherm parameters
for the adsorption of Zn(II) andNi(II) using Langmuir, Freundlinch andHarkins-Jura
models are given in Table 2.

The analysis of results from the Table 2 shows that overall Langmuir adsorption
isotherm is a best fit for the experimental data of both Zn(II) and Ni(II) ions as
compared to other isotherms. Freundlich isotherm model indicates the heterogene-
ity of the surface and simultaneously supports the adsorption of the metal ions on
to the adsorbent. Freundlich isotherm also suggests that chemisorption is govern-
ing the adsorption process over physiorption. This indicates both physiorption and
chemisorption are playing their role in the process of adsorption for removing the
metal ions from aqueous solutions. Besides, it is not restricted to the monolayer as in
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Table 1 Models and their parameters

Models (adsorption and kinetic) Governing equations Parameters

Langmuir model qe = qmaxKbCe
1+KbCe

qe(mg/g): An amount of ions
adsorbed at equilibrium per unit
mass of adsorbent.
qmax(mg/g): Maximum
adsorption capacity
Kb(1/mg): Langmuir
adsorption constant

Freundlich model qt = KFC
1
n
e KF : Freundlich adsorption

constant
n: The empirical parameter
indicating adsorption
favorability

Harkins-Jura model 1
q2e

= B
A − 1

A logCe
A, B: Harkins Jura adsorption
constants

Pseudo-First order qt = qe
[
1 − exp(−K1t)

]
qt (mg/g): Adsorption capacity
at time t
qe(mg/g): Adsorption capacity
at equilibrium
K1(1/min): Rate constant of
Pseudo first order adsorption
t(min): Time of contact

Pseudo-Second order qt = q2e K2t
1+t K2qe

qt (mg/g): Adsorption capacity
at time t
K2(g/mg min): Rate constant of
Pseudo Second order adsorption

Intra-Particle diffusion model qt = Kid t2 + I qt (mg/g): Adsorption capacity
at time t
Kid

(
mg/g min2

)
: Intra particle

diffusion rate constant
I : Intercept representing
boundary layer thickness

Table 2 Isotherm parameters for Zn(II) and Ni(II) adsorption onto the ABC

Models Parameters Metal ions Zn(II) Ni(II)

Langmuir qmax
(
mg

/
g
)

125 142.85

Kb
(
L
/
g
)

0.25 0.028

R2 0.9633 0.9707

Freundlich KF 7.4 9.7

n 1.82 1.859

R2 0.9234 0.95

Harkins-Jura A 714 970.87

B 1.992 1.893

R2 0.701 0.723
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Table 3 Comparison of adsorption capacities of various biomass adsorbent materials

Adsorbent
material

Metal Operating conditions

pH qe
(mg/L)

Adsorbent
dose (g/L)

Concentration
(mg/L)

References

Penicillium
digitatum

Zn(II) 5.5 9.7 7.0 25 Galun et al.
(1987)

Rhizopus
arrhizus

Zn(II) 6–7 13.5 3.0 10–600 Fourest and
Roux (1992)

Botrytis
cinerea

Zn(II) 5–6 12.9 0.1 100 Tunaliand and
Akar (2006)

Spirogyra
(ABC)

Zn(II) 5 101 0.1 150 Present Study

Sea Weeds Ni(II) 4.5 20.63 4.5 100 Vijayaraghavan
et al. (2005)

Almond
Shell

Ni(II) 7.0 22.22 7.0 100 Kilic et al.
(2013)

Spirogyra
(ABC)

Ni(II) 6 108 0.1 150 Present Study

case of Langmuir isotherm but the R2 values obtained in case of Langmuir isotherm
model were more than that of Freundlich model.

The R2 values for Harkins-Jura model are on much lower side which indicates
that it is an inadequate model to define and represent the adsorption process of Zn(II)
and Ni(II) onto the composite.

The adsorption capacity of ABC has been compared with some earlier studies
and the comparison is presented in Table 3. The results of the present experimental
study is in line with the reported studies and highlights the potential of ABC as an
efficient feedstock for adsorption of heavy metals.

3.8 Kinetic Modeling

The kinetic modeling of adsorption process is an essential tool in the design of
adsorption experiments and optimization of the operating conditions for running of
full scale batch processes. The kinetic study was performed in order to evaluate the
various kinetic parameters and to understand the mechanism of adsorption of Zn(II)
and Ni(II) metal ions onto the ABC. The experimentally generated data was sub-
jected to Pseudo-first order, pseudo-second order and intra-particle diffusion models
(Table 1) and the calculated values of variables are depicted in Table 4.

It was observed that the Pseudo-Second order model showed the highest corre-
lation coefficient (0.99) for both Zn(II) and Ni(II) metal ions. This signifies that
the adsorption follows the Pseudo-Second order reaction and the mechanism for
adsorption is based on chemisorption process.
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Table 4 Kinetic parameters for Zn(II) and Ni(II) adsorption onto the ABC

Kinetic model Metal Parameters

Pseudo-First-order K1(min−1) qe(mg/g) R2

Zn(II) 0.055 55.795 0.601

Ni(II) 0.068 55.99 0.719

Pseudo-Second-order K2 × 103(g/mg min) qe(mg/g) R2

Zn(II) 3.589 50.787 0.994

Ni(II) 2.924 67.613 0.997

Intra-Particle diffusion Kid
(
mg/g min2

)
I R2

Zn(II) 7.877 6.642 0.714

Ni(II) 7.263 25.412 0.609

3.9 Thermodynamic Parameter Evaluation

In order to comprehend the feasibility of process of adsorption and to understand
its nature, thermodynamic study plays a critical role in highlighting its depen-
dence on temperature. As such, various thermodynamic parameters like Gibbs free
energy (�G◦), change in standard enthalpy (�H ◦) and standard entropy (�S◦) are
estimated using classical Vant Hoff’s equation relating (�G◦, kJ/mol) to the lin-
ear adsorption diffusion coefficient

(
KD = qe

/
Ce, l/g

)
of the adsorption process

following Eq. 3.

�G◦ = −RT ln KD (3)

where R, is the gas constant (8.314 kJ/mol K). �G◦ is also related to the
entropy change �S◦(kJ/ mol K) and the enthalpy change �H ◦(kJ/mol) at absolute
temperature T (K ) following Eq. 4

�G◦ = �H ◦ − T�S◦ (4)

Equations 3 and 4 together lead to following equation.

ln KD = �H ◦

R
− �S◦

RT
(5)

Using Eq. 5, �H ◦ and �S◦ are obtained from the slope and intercept of the plot
between ln KD and 1

/
T (Kilic et al. 2013). The thermodynamic results calculated

for both the Zn(II) and Ni(II) onto the ABC are shown in Table 5.
It was observed with the increase in temperature the adsorption process increases

for both the metals indicating that the process of adsorption onto the adsorbent com-
posite was endothermic in nature. The �G◦ was found to be negative indicating
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Table 5 Thermodynamic parameters for Zn(II) and Ni(II) adsorption onto the ABC

Temperature (K) Zn(II) Ni(II)

�G◦(kJ/mol) �H◦(kJ/mol) �S◦(kJ/mol K ) �G◦(kJ/mol) �H◦(kJ/mol) �S◦(kJ/mol)

303.15 −0.306 23.786 0.078 −0.877 26.222 0.0886

308.15 −1.072 − − −1.799 − −
313.15 −1.316 − − −2.275 − −
318.15 −1.448 − − −2.297 − −
323.15 −1.946 − − −2.640 − −
328.15 −2.044 −2.933 − −

the spontaneity of the process. The �S◦ values indicate the increase in the random-
ness of the process of adsorbing the metals onto the adsorbent composite (Galun
et al. 1987). Generally, �G◦ values ranging from 0 to −20 kJ/mol corresponds
to physisorption, whereas value of �G◦ ranging from −80 to −400 kJ/mol is the
indication of chemisorption (Wu et al. 2013). Therefore, the Ni(II) and Zn(II) adsorp-
tion on algae bentonite composite is endothermic, spontaneous and combination of
physisorption and chemisorption in nature.

4 Conclusions

A locally available algal biomass and Na-Bentonite was used to prepare a composite
which was in turn used for the adsorption of Zn(II) and Ni(II) ions from aqueous
media. The optimum conditions for the adsorption were evaluated and it was found
that Langmuir Isotherm Model is best fitted to equilibrium data of the adsorption of
Zn(II) andNi(II) ions onto the synthesized compositewhile as the kineticswere found
to follow Pseudo-second order kinetic model. The calculated values of �G◦,�H ◦
and �S◦ indicate a spontaneous, endothermic and chemically favoured adsorption
process. The adsorption efficiency of the composite revealed promising results as an
effective material for removal of heavy metals from industrial effluents and waste
water. Besides, the easy availability and low cost of both the algal biomass and clays
account for the favorable economics of the process.
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Nucleic Acid Based Nanoconstructs
for Environmental Analysis in Atypical
Contexts

Aditi Singhal, Kriti Kapil, Ankit Dodla, Sanjay Kumar and Bhaskar Datta

Abstract The use of biomolecules toward environmental analysis provides impres-
sive advantages in terms of selectivity and efficiency. Proteins have served as the
classical choice of biomolecules in this regard partly due to their natural function as
strong and specific binding agents. Nevertheless, biomolecules are usually consid-
ered unsuitable for large-scale environmental applications due to their fragility and
cost. In this chapter, we first examine the emergence of nucleic acid based nanotech-
nology in the context of environmental analysis. Notably, the development of nucleic
acid aptamers, aptazymes, and nano-architectures has facilitated application as both
a receptor in biosensors as well as versatile scaffolds for engineering functional con-
structs. Further, we present a proof-of-concept of nucleic acid based nanoconstructs
as a reusable adsorbing agent. We have developed nucleic acid three-way junction-
based matrices that are capable of retrieval and reuse of a commonly used staining
agent. Immobilization of the nucleic acid architectures on magnetic nanoparticles
enables their reuse across samples. Inherent sophistication of biomolecules in gen-
eral and nucleic acid based constructs, in particular, supports their deployment in
specialized applications at a smaller scale pertinent to individual human activity.
The perspective presented in this chapter is expected to encourage environmental
engineering in distinctive and atypical contexts.
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1 Introduction

Twomain types of biomolecular receptors have been used for environmental analysis:
antibodies and enzymes. The use of enzymes in biosensor applications predates the
use of antibodies. Sophistication in analytical techniques has enabled the production
of many enzymes at suitable purity for research and biotechnological applications
(Homaei et al. 2013). Traditional industrial application of enzymes has involved
food processing such as cheese making, beer brewing, and wine making (Gurung
et al. 2013). This emphasis is not surprising considering the critical role of enzymes
in metabolic processes. Modern advances in protein engineering have led to the
establishment of customized enzymes for novel applications. Certain characteristics
of enzymes have played an important role in imagining and applying them in a bio-
sensory context. Enzymes introduce an attractive element of selectivity and ability
to amplify the response to a substrate by way of catalytic transformation (Fig. 1).
Enzyme-based biosensors are useful for the clinical identification and quantification
of key metabolites.

While the affinity and catalytic performance of enzymes are attractive, their strin-
gent operating conditions, especially in terms of temperature and pH, can serve as
constraints for widespread use. Nevertheless, the distinctive properties of enzymes

Fig. 1 Scheme of the biosensor for substrate and inhibitor detection; reproduced with permission
from Amine et al. (2016)
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have been the cornerstone of industries including pharmaceutical, chemical manu-
facturing, bio-fuel production and solid waste or water treatment (Li et al. 2012).
Enzymes have found use in two broad aspects of environmental analysis, namely,
detection of specific analytes and small-scale remediation.

Research has sought to develop suitable bio- andmacromolecules that can address
the operational constraints of enzymes. DNAzymes and aptazymes are examples
of such artificially engineered moieties. DNAzymes are synthetic analogues of
ribozymes and are DNAmolecules that are capable of catalyzing nucleic acid hydrol-
ysis. They have emerged as robust catalysts in their own right and have been adapted
for biosensor applications based on their ability to incorporate nucleic acid secondary
structures that act as receptors for specific analytes. DNAzyme based biosensors for
the detection of toxic metals such as Hg2+, (Li et al. 2009) Pb2+ (Li and Lu 2000;
Shen et al. 2008) and Cu2+ (Liu and Lu 2007a, b) have been reported. Advances
in transducing nucleic acid interactions through colorimetry, fluorescence, and elec-
trochemical means have been useful in such biosensor development (Zhang et al.
2011). Apart from use as biosensors, enzymes have been comprehensively exam-
ined towards environmental remediation. Parathion hydrolase is one example of an
enzyme that has been used for detoxification of water both in free (Munnecke and
Hsieh 1976) and in the immobilized form (Munnecke 1977). Phenol oxidases have
been suggested for the removal of xenobiotics from water. Similarly, horseradish
peroxidase has been successfully used to dephenolize coal-conversion wastewaters.
The enzyme is also effective in removing chlorophenols, chloroanilines, benzidines,
and diphenylanilines (Klibanov et al. 1983).

The use of biomolecules such as enzymes, antibodies or DNAzymes in biosen-
sors for environmental analysis faces a stiff test in terms of robustness and stability
under field testing conditions. Immobilization of the biomolecules on solid supports
is a prominent strategy for addressing these challenges (van de Velde et al. 2002).
The immobilized form of enzymes mimics their natural mode in living cells in many
cases considering their placement and attachment to membranes, organelle struc-
tures or the cellular cytoskeleton. The solid supports seek to stabilize the enzymes
while rendering superior mass transfer of analytes thereby contributing to enhanced
robustness and catalytic performance of the overall construct (Datta et al. 2013).
Immobilized biomolecular systems enable greater sophistication in the design of
biosensors thereby helping with their each of use. Enzyme immobilization can also
facilitate enhanced environmental remediation activity. For example, immobilization
of cyanate hydratase on magnetic multi-walled carbon nanotubes has been used for
the simultaneous removal of heavymetal and cyanate in wastewater samples (Ranjan
et al. 2019). An example of sophistication in immobilized enzyme-based approaches
is the adoption of enzyme cascade reactions. Immobilization of enzymes constituting
cascade reactions leads to improved efficiency in the transfer of intermediates from
one step to the next akin to the behavior of complex multi-enzyme complexes under-
lying several metabolic processes (Schmitt and An 2017). A plethora of strategies
have been devised for the physical and chemical immobilization of biomolecules
on solid supports. In particular, the conjugation of enzymes is often associated with
structural alterations that result in the creation of a distinctive microenvironment of
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the biomolecule as compared to the bulk solution (Mohamad et al. 2015). Physi-
cal methods for immobilization include entrapment, adsorption, and microencap-
sulation. Chemical strategies cover various ways of covalently linking well-defined
functional groups and include the use of affinity ligands such as biotin-streptavidin.
Compared to their free forms, immobilized enzymes are usually more stable and
easier to handle (Homaei et al. 2013). Further, the corresponding reaction products
can be separated easily and is of special relevance to the food and pharmaceutical
industries (Kirk et al. 2002). Nevertheless, the structural disruption of biomolecules
due to immobilization poses a substantial challenge. For example, irreversible deac-
tivation of enzymes upon covalent immobilization renders both the enzymes and
often-costly support unusable. Similarly, non-covalent attachment of biomolecules
is fraught with leaching in aqueous media. Cross-linking in gel matrix or carrier
can result in a reduction in activity due to misfolding. Further, the preparation of
cross-linked enzyme aggregates necessitates the crystallization of enzymes, which
is a laborious and unpredictable process (Sheldon and van Pelt 2013). Site-specific
conjugation approaches have witnessed significant advances in recent years. The
sophisticated application of organic chemistry and molecular biology has enabled
the anchoring of enzymes and antibodies on various supports thereby expanding the
scope of protein microarrays, biosensors and flow reactor systems (Wallace and Bal-
skus 2014). In this context, nucleic acid based scaffolds and conjugation approaches
have occupied a distinctive niche. The predictable and programmable self-assembly
characteristics of DNA and RNA have been exploited for the design and construction
of complex nanostructures that facilitate the detailed spatial organization of attached
moieties (Zhang et al. 2014).

Nucleic acid scaffolds have been used for organizing enzyme cascade reactions.
Double-stranded DNA templates result in only modest improvements in enzyme
performance (Muller and Niemeyer 2008; Niemeyer et al. 2002). Small DNA nanos-
tructures have been more effective in this regard and several novel designs includ-
ing double-crossover tiles (Fu et al. 2014) and three-point star DNA (Rothemund
2006) are noteworthy (Fig. 2). Scaffolded DNA origami templates have provided a
unique opportunity for precise spatial anchoring of biomolecules. 3D DNA origami
templates have been deployed for eliciting superior enzyme cascade efficiencies
when compared to freely diffusing enzymes in solution (Fu et al. 2012). The semi-
confined character of rectangular origami systems has been partially implicated in
such improved enzyme efficiency along with the stabilizing effect of the origami.
Other strategies for enzyme immobilization on nucleic acid scaffolds include the use
of nucleic acid binding protein domains (Nakata et al. 2015) and aptamer binding
interactions (Hasegawa et al. 2016).

Developments in the nucleic acid based scaffolding and conjugation of
biomolecules should be juxtaposed with the advances in DNA-based biosensors. For
example, electrochemical DNA (E-DNA) sensors have gained traction and have been
used to detect the presence of hazardous substances such as drugs and heavy metal
ions (Lubin and Plaxco 2010). E-DNA sensors rely on the ability of the constituent
nucleic acid tomake contact with an electrode generating detectable Faradaic current
in response to a specific analyte (Lubin and Plaxco 2010). Nucleic acid secondary
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Fig. 2 Reported comparison of activity enhancements of various DNA scaffolded enzyme systems;
reproduced with permission from Zhang and Hess (2017)

structures such as quadruplexes and architectures such as three-way junction (TWJ)
have been incorporated in the design of DNA receptors (Chilka et al. 2018). Other
signal transductionmethods such as fluorescence and electroluminescence have been
used in conjunction with the nucleic acid receptor systems. For example, an electro-
luminescence sensor for Pb2+ was based on the conformational change of DNA in
the presence of the target (Hai et al. 2013). Similarly, TWJ-based triple biosensors
have been developed for the detection of three different analytes depending on the
stimulus received (Fig. 3) (Zhang et al. 2015).

The discourse surrounding the use of biomolecules in environmental analysis is
punctuated by the constraints of the scale of application. Sophisticated biomolecu-
lar constructs are arguably more attractive at a smaller scale of application and in
unorthodox contexts. For example, the analysis and remediation of specific chem-
ical substances deployed in laboratory-scale research and development are often
overlooked albeit such analysis may proffer several benefits. In this work, we use
DNA-based nanoconstructs to separate a dye that is commonly used for molecular
biology work. Our attempt serves to provide proof-of-concept of the use of immo-
bilized biomolecules for adsorption and release of specific substances at a scale that
is relevant in terms of human activity.

Dyes and pigments are traditionally considered as coloring agents, especially for
textiles. The revolutionary changes in biotechnology and molecular biology over the
past half-century have been facilitated by the development of dyes that can be used for
staining and visualization of biomolecules. Notably, while the amount of these dyes
used in clinical and research context is not substantial, they are usually extremely
toxic and can serve as environmental hazards. Further, these dyes are expensive and
would benefit from entrapment and reuse. SYBR Gold is an example of a cyanine
dye with impressive nucleic acid fluorescence imaging capability (Tuma et al. 1999).
In fact, it has been used as a substitute for the more widely known ethidium bromide,
which is now discouraged due to its carcinogenicity. In this work, we have designed
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Fig. 3 Schematic Illustration of the TWJs-based sensing platform used for the DNA, Thrombin,
and ATP analysis, respectively; reproduced with permission from Lubin and Plaxco (2010)

DNA-based nanobio-constructs that are effective for dye adsorption, retrieval, and
reuse.

2 Materials and Methods

5′-amino or 5′-biotin labeled oligonucleotides were purchased from IDT (Bangalore,
India). Unmodified oligonucleotides were purchased from Sigma (Bangalore, India).
Stock solutions were prepared in Tris-EDTA (pH 7.5) buffer. Stock solutions
(~100 μM) and 260/280 ratio of the stock were calculated using Thermo Scientific
Nanodrop 2000c and stored at −20 °C for further use. Mili-Q water was used for all
preparations. Nucleic acid sequences used in the work are as follows:

Name Oligonucleotide sequence Modification

A1N GGTGAGGTGGCGAGAGCGACGATCCATGCC NH2

S2N GGCATGGATCGTCGCAGAGTTGACCTGACC NH2

S3N GGTCAGGTCAACTCTTCTCGCCACCTCACC NH2

B1S2-10 GGCATGGATC Biotin

B1S3-10 GGTCAGGTCA Biotin

(continued)
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(continued)

Name Oligonucleotide sequence Modification

S2-20 GTCGCAGAGTTGACCTGACC

S3-20 ACTCTTCTCGCCACCTCACC

S1 GGTGAGGTGGCGAGAGCGACGATCCATGCC

S2 GGCATGGATCGTCGCAGAGTTGACCTGACC

S3 GGTCAGGTCAACTCTTCTCGCCACCTCACC

ss1 CAGATCCGAGGAATCTG

ss1c CAGATTCCTCGGATCTG

ss2 ACATGAAATTAAATACATGT

ss2c ACATGTATTTAATTTCATGT

Nanobio-Construct Design
Our nanobio-construct comprises a three-way junction with biotinylation at different
locations to enable attachment with avidin. The constituent components include the
following:

A. Three-Way Junction (3WJ) comprising constituents as shown below

B. Biotinylated Three-Way Junctions

• 3WJ1 one arm bearing shorter sequence modified with biotin.
• 3WJ2 two arms bearing shorter sequences modified with biotin groups.

The three-way junctions (3WJs) were prepared by incubating the appropriate
DNA strands in a 10 mM Tris-Cl (pH 7.5) buffer containing, 1 mM EDTA and 1 M
NaCl. The concentration of DNA was 2 μM of each strand. The mixture was heated
for a brief period (at ~95 °C) and slowly cooled to room temperature. Based on the
above architectures, two types of nanoconstructs were constructed. Thesewere borne
from 3WJ1 and 3WJ2 by the addition of avidin.

M3WJ1: Matrix 3WJ1 (M3WJ1) was prepared by incubating of avidin with biotiny-
lated 3WJ1 in a 1:3 stoichiometry at room temperature for 30min in a 10mMTris-Cl
(pH 7.5) buffer containing, 1 mM EDTA, and 1 M NaCl.
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M3WJ1 M3WJ2 

M3WJ2: Matrix 3WJ2 (M3WJ2) was prepared by incubating avidin with biotiny-
lated 3WJ1 in 1.25:1 μM stoichiometry at room temperature for 30 min in a 10 mM
Tris-Cl (pH 7.5) buffer containing, 1 mM EDTA, and 1 M NaCl.

Magnetic Nanoparticle Synthesis: The reported wet-chemical approach was used
to synthesize magnetic nanoparticles (Park et al. 2011). Briefly, 0.25 M Ferrous
Chloride was dissolved and homogenized in 50ml mili-Qwater followed by titration
with 1 M KOH solution with continuous stirring and adjustment of pH to 9.0. The
titrated solution was placed at room temperature for precipitation over a period of
2 h. Black precipitate hence formedwas decanted using amagnet, washed with water
and ethanol to remove impurities and kept overnight in a vacuum oven to dry (Park
et al. 2011).

SurfaceModificationofMNPs: The surface ofmagnetic nanoparticleswasmodified
with APTES and glutaraldehyde for the covalent attachment of oligonucleotides as
per reported procedures (Kumar et al. 2016). Briefly, 10% APTES in methanol was
added to the prepared iron oxide nanoparticles and the sample was sonicated for
5–10 min, until it was entirely homogenized. The resulting solution was kept for
overnight vortex at 800 rpm. APTES-modified MNP was decanted and washed three
times with methanol and left to dry in the desiccator (Park et al. 2011). 10 mg of
MNP-APTES was dissolved in 8 ml of 8% of glutaraldehyde followed by 5-min
sonication. After a 1-h vortex at room temperature and centrifugation at 10,000 rpm
the particles, were decanted and washed twice with water. This step introduces an
active-COOH group on MNP-APTES. Oligonucleotide immobilization on surface-
modified MNPs having active-COOH groups which covalently bound to the NH2-
modified oligonucleotides. 25μl of 100μMDNAwas added to 5 mgMNP-APTES-
GLU. The resulting solution (2 mL) was vortexed overnight at room temperature and
850 rpm. After decanting, the supernatant was collected and the concentration of free
DNA was determined. The precipitate was washed twice with water followed and
the total volume was made up to 1.5 ml with TE buffer. For cross-linking avidin was
added to the above complex thereby obtained.

Dye Adsorption: 5x of SYBR Gold was incubated with nanobio-construct for 20–
30 min at room temperature. The supernatant was collected via centrifugation at
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13,000–13,500 rpm for 20–30 min at room temperature followed by measurement of
absorbance. Magnetic decantation for 5 min at room temperature was performed by
using a strong bar magnet. 100 μl of each sample was loaded in a clear 96 well plate.
The absorbance of supernatant corresponds to the absorbance of free dye in solution
and a decrease in absorbance in the presence of nanobio-construct is an indication
of retention by the construct.

Dye Desorption: After the adsorption of dye via nanobio-construct, the latter was
decanted out from the solution by use of magnetic bars. The construct was washed
twice with water and then incubated in desorption buffer (300 mM sodium acetate,
pH 5.2 with 200 mM NaCl) for 25–30 min at 4 °C at very low rpm. The supernatant
containing only dye was collected via nanobio-construct magnetic decantation and
the concentration of dye in supernatant equating dye desorption was calculated.

3 Results and Discussion

3.1 Development and Characterisation
of Nanobio-Constructs

The formation of secondary structure elements of DNA used in current work was
characterized by electrophoretic mobility shift assay (EMSA). Higher molecular
weight species are correlated with lower mobility and are attributed to three-way
(3WJ) junction formation. As shown in Fig. 4, lanes c and d represent the formation

Fig. 4 Gel electrophoretic
(20% SDS PAGE) analysis
of various DNA constructs.
Lanes contain 2 μM sample
of a SSDNA, b DSDNA,
c 3WJ1, d 3WJ2,
e components of 3WJ2,
respectively

a    b    c    d         e
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of three-way junctions in comparison to lane e which represents single-stranded and
double-stranded constituents of the three-way junction.

The fluorescence of avidin can be used to verify differences in its state of com-
plexation (Hytonen 2017). Free avidin exhibits emission in the range of 330–335 nm
and upon binding to biotin, the emission is shifted to 320 nm (Hirsch et al. 2002). We
observed a shift in fluorescence indicating complexation of avidin to a biotinylated
three-way junction (3WJ1). The fluorescence of avidin can also be used to evaluate
the extent of biotinylation. Upon the introduction of the free or biotinylated three-way
junction, the fluorescence intensity of avidin decreased and was attenuated beyond
a specific ratio of biotin/avidin (of 3:1) (Fig. 5). This attenuation is indicative of
saturation of the avidin binding sites.

Various concentrations of 3WJ1 samples were incubated with 1 μM avidin at
room temperature for a minimum of half hour and the resulting binding of molecules
was assessed by EMSA. Gel electrophoretic analysis (10% PAGE) on 5 samples
of 3WJ1+avidin in the 3WJ1:avidin ratios (a) 1:1, (b) 2:1, (c) 3:1, (d) 4:1 and (e)
5:1, was performed. Mobility shift was strongly affected by complexation (Fig. 6).
In the presence of avidin, biotinylated 3WJ1 formed a network corresponding to
high molecular weight species. Beyond threshold amounts of avidin, (lanes d and
e), higher mobility bands were observed which are attributed to unbounded 3WJ1.
Notably, lane c where 3WJ1: avidin ratio is 3:1 shows the sharpest band with the
least amount of unbound sequences.

Similarly, EMSA on 3WJ2 was performed to assess the formation of three-way
junctions by the corresponding complexes. Lanes a–e (Fig. 7) represent 3WJ2 incu-
bated with various concentrations of avidin while lane f contains ssDNA. In the
absence of avidin, there was no formation of a three-way junction. The addition of
avidin resulted in the formation of a significantly slower moving complex. In lane
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Fig. 6 EMSA of
Biotinylated-3WJ1 in
presence of variable amounts
of Avidin

a b  c    d    e

Fig. 7 EMSA of
Biotinylated-3WJ2 in
presence of variable amounts
of Avidin a     b   c   d    e      f

d a sharp band was observed with less unbound sequences. This ratio indicates the
most suitable combination toward the formation of a matrix by 3WJ2. At higher
concentrations of avidin, no significant changes were observed.

SEM analysis of the nanoconstructs revealed distinctive morphologies in each
case. The magnetic nanoparticles with APTES and Glutaraldehyde conjugation
displayed similar spherical morphologies albeit with slightly different size ranges
(Fig. 8a, b); 32–37 nm for MNP-APTES and 38–48 nm for MNP-APTES-GLU. The
increase in the network from amino-functionalized nucleic acid three-way junctions
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Fig. 8 SEM of various nucleic acid-nanoparticle constructs; a MNP-APTES, b MNP-APTES-
GLU, c MNP-APTES-N3, d MNP-APTES-TWJ1, e MNP-APTES-TWJ1-AVIDIN and f MNP-
APTES-TWJ2-AVIDIN (5 kV, 100,000 magnification)

(MNP-APTES-TWJ1) (Fig. 8d) to AVIDIN-conjugated matrix (Fig. 8e) manifested
in greater particle sizes (from 45–54 nm to 55–80 nm) and change in morphology
(spherical to cubical). The more complex network accomplished via MTWJ2 is evi-
dent from the wider size range of 100–190 nm for the MNP-APTES-TWJ2-AVIDIN
(Fig. 8f).



Nucleic Acid Based Nanoconstructs for Environmental Analysis … 589

Fig. 9 3D-AFM of a MNP-APTES-GLU and b 3WJ1 attached on MNP

The morphology of constructs was further assessed by AFM. Attachment of the
three-way junctions to MNPs resulted in a sharper distribution of topologies as com-
pared to MNPs that only had the conjugating linker on them (Fig. 9). MNPs with
immobilized three-way junctions are expected to produce a narrower dispersion
of particles as compared to bare or linker-attached nanoparticles considering the
propensity of the latter to agglomerate in a stochastic manner. Reasonably uniform
topologies of 3WJ1 attached to MNPs were also indicative of satisfactory efficiency
of conjugation being performed.

FTIR analysis of the constructs was performed to ascertain characteristic conju-
gations. The peaks at 550 cm−1 attributed to stretching vibration of Fe–O bond and
3350 cm−1 corresponding to OH stretch together emphasize the successful forma-
tion of MNPs (Fig. 10) (Niemirowicz et al. 2015). In the case of MNP-APTES, in
addition to the Fe–O and OH stretches, band at 1640 cm−1 band is attributed to N–H
bend. Also, 1070 cm−1 is due to asymmetric stretching of Si–O–Si, 950 cm−1 for
Si–OH and 1508 cm−1 for CH2 (Fig. 10).

In the case of MNP-APTES-Glu, the 1645 cm−1 peak is assigned for N–H bend.
Further, bands at 1090 cm−1 for asymmetric stretching of Si–O–R, 1010 cm−1 for
Si–O and 2775 cm−1 corresponding to C–H complete the characteristic peaks.

For the constructs containingDNA three-way junctions, bands at 1640 cm−1, 1570
cm−1 and 1540 cm−1 are attributed to C=O, C=N, C=C stretching and N-H bending
of nucleotides, respectively (Camacho et al. 2017). Further, 1211 cm−1, 1121 cm−1,
1280 cm−1 belong to the asymmetric stretch of PO2−, symmetric of PO2− and P–
O–C backbone, respectively (Najafabadi et al. 2015). Immobilization of 3WJ was
confirmed by the presence of peaks corresponding to bases and phosphate backbone
of DNA.

XRD was used to assess differences in the crystal lattice structure of various
constructs. Observable diffraction peaks (2θ) at (30.37), (35.78), (43.32), (53.66),
(57.4) and (63.11) correspond to (220), (311), (400), (422), (511), (400) respectively
as shown in Fig. 11 (JPCDS card, file No. 77–1545). These peaks are characteristic
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Fig. 10 FT-IR spectra of a MNP-3WJ with amino-functionalized termini and b MNP-3WJ with
biotinylated DNA

for Fe3O4 and confirm the formation of MNPs (Unsoy et al. 2012). The highest peak
at 35.78 and a very weak peak at 53.66 is obtained in every sample. Additionally,
even on the attachment of linker and 3WJ all peaks are still present which implies
no changes in the behavior of MNPs upon attachment of nucleic acid three-way
junctions.
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Fig. 11 XRD patterns of a MNP, b APTES-MNP, c MNP-Biotinylated 3WJ, d 3WJ with amino-
functionalization immobilized on MNP

3.2 Dye Adsorption and Desorption Studies

We have used SYBR Gold for our current work. SYBR Gold binds with nucleic
acids SYBR Gold binds to the nucleic acid via intercalation mode and displays an
absorption maximum at 485 nm (Zipper et al. 2004). The wavelength maxima is red
shifted upon binding to DNA possibly due to a decrease in π–π* electron transition.
On increasing concentration of DNA from 1x to 100x, the spectrum shifted toward
higher wavelength which clearly indicates the binding of SYBR Gold to dsDNA
(data not shown).

Various bare and MNP-immobilized nucleic acids were tested for their ability to
adsorb SYBR Gold. Dye adsorption to dsDNA was 20.24% (at 100x of DNA) and
was improved to 26.11% upon attachment of the DNA to MNP (Fig. 12).

We tested our nucleic acid three-way junction-based constructs for dye retention
and retrieval. The nucleic acid samples were incubated with avidin for 2 h at room
temperature. Subsequently, the complexes were incubated with 5x SYBR Gold for
30 min at room temperature at low rpm. This was followed by centrifugation to
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Fig. 12 SYBR Gold absorbance in presence of a bare and bMNP-immobilized dsDNA

separate out complexes from the buffer. Measurement of absorbance was performed
on the supernatant post-magnetic separation. Based on the absorbances measured,
retention of the dye was estimated at 39.4% on (M3WJ1) and 51.8% dye via a large
matrix structure (M3WJ2) was retrieved (Fig. 13).

Finally, we tested MNP-immobilized matrix three-way junctions (M3WJ1 and
M3WJ2) for their (i) ability to retrieve SYBR Gold, (ii) capability for reuse and
(iii) dye desorption from the matrix constructs (Fig. 14). Samples were prepared
by the incubation of nucleic acids with avidin at least for 1 h at room temperature.
The MNP-M3WJ1 and MNP-3WJ2 constructs displayed superior ability towards
adsorption of SYBR Gold as compared to the simpler nucleic acid-MNP constructs.
Notably, 43.23% and 52.47% of dye retrieval were observed with MNP-3WJ1 and
MNP-3WJ2, respectively.

Repeat use of the nanobio-constructs on a fresh batch of dye solutions resulted
in a very similar level of dye retention; 42.57% and 52.04% for MNP-3WJ1 and
MNP-3WJ2, respectively. Notably, 99.4% of dye desorption was affected for MNP-
3WJ1 and 99.6% forMNP-3WJ2 during first use. The total dye desorption decreased
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Fig. 13 SYBR Gold adsorption by a M3WJ1 and b M3WJ2
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Fig. 14 SYBR gold adsorption on aMNP-M3WJ1, cMNP-M3WJ2 and desorption from bMNP-
M3WJ1, d MNP-M3WJ2

slightly to 97.5% and 98.4% during the second use of the MNP-3WJ1 and MNP-
3WJ2, respectively (data not shown). Overall, both constructs are extremely potent
in terms of their ability to retrieve and release SYBR Gold dissolved in solution.
MNP-3WJ2 is somewhat superior based on the adsorption and desorption efficiency
during use and reuse.

4 Conclusion

The confluence of nanomaterials and biological macromolecules has enabled
expanded paradigms of environmental analysis and remediation. The bulk of work in
this context has been within an analytical or bio-sensory framework. This is not sur-
prising considering the sophistication in the function of biomolecules and constraints
in terms of scale-up of operations. Nevertheless, a unique set of applications of such
biomolecule-nanomaterial constructs can be envisaged if one were to reimagine the
environment to include the immediate proximity of human activity. Processes and
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products being used at the human scale could provide unmatched opportunities for
nanobio-constructs. In this chapter, we have examined the context of the application
of nucleic acid-based nanoconstructs in terms of orthodox environmental analysis.
Further, we provide proof-of-concept of novel nucleic acid-based nanoconstructs
toward adsorption and reuse of a clinically relevant dye. The work provides per-
spective to the use of nucleic acid (or other biomolecule-based) nanoconstructs for
environmental analysis in atypical contexts.
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