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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, and Application of Biogenic Nanomaterials:
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-
neous waste treatment technology. The two goals are targeted under MFC 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 Hiickel-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 H, 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 H, 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 MAPbI; Film Using Response Surface Methodology
for Enhancement in Photovoltaic Performance” details the optimization of process
parameters for the deposition of methylamine lead iodide (CH3;NH;Pbl; or
MAPDI;) film using parametric study and response surface methodology (RSM).
The independent parameters to be optimized are Pbl,:CH3;NH;I 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 MAPbIj; 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 pure Mg(OH), nanoplatelets 99.99% adsorption of the toxic Cu (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(Il) and Zn(Il) 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(Il) 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, L
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, and macro-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 Al,O3 nanoparticles (Hey-
hat et al. 2013; Sokhansefat et al. 2014; Usri et al. 2015), Cu nanoparticles (Eastman
etal. 2001; Yuetal. 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.



Synthesis and Characterization of Nanofluids ...

(panunuoo)
(2100) nong J0L
pue Bauljy - 0L-¢¢C Pue %t 18 01y - - =1 | deis-oMm[ | Iejem/opIxo wnIUTWN[Y
(1100
‘[e 30 TepeyIS - SY—v¢ SLTV'6L - - €60 | des-omp, Iojem/opIXOIp wniue)Ly,
[09A]3 Qua[Ay)a/(apTXO
0102) Quoydei3 pajeIjoyxa
nyqerdewrey 9%'T0A A[TewrIoy3-pazijeuonouny)
pue Aqeq - 4 %’10A €00 103 C°¢ | S0O'0 10} 8STO - | €oopuegyQ | dors-omf, DAL}
191eM/(PIXO
0102) ouoydei3 pajerjoyx
nyqerdewrey 9%°10A A[[eWLIYI-PIZI[euO}ouUNy)
pue £qeg - 4 %’10A €0°0 103 09 | 950°0 10F #89°0 - | €00PuE 950’0 | dars-omf, DL
(0100) 109413 Sus[Ay19/9pIX0
Te 99X - 0¢ - ¥6€°0 0c 0 | dors-omp, umnisousey
(6000) T8 10
AnSuen - S IS¢ - - €00 | dos-omp, | I91EM/OPIXO WINIUIWIN]Y
(8000
euLIny|
pue Suop - 1T vIg 71890 - Ly | dois-oM[, | Iojem/opIXO wnturwm[y
(£002) 1B 30
BAQQJOWIL], S'S ST 6T - 0z 100 | deis-om] | Ioyem/opIXo wNIUIWNY
pmyoueu
(woyg ) OTw/m) () (%°108) jo
Do) KiAnonpuod KIAnonpuod azIs pmyoueu jo poyjowr
REN| Hd | ameredway, [eo1m091q [ewlIoy], | 9[onded | UONBIUAIUOD | SISAYIUAS pinpgoueN

SIOUOILSAI SNOLIBA AQ QUOP SPINJJOUBU UO SAIPN)s Jo Arewwuns | I[qeL,



D. P. Barai et al.

(panunuoo)
(9102) [094]3-01q/apIX0
“Te 30 Ioypyy] - 08-0¢ PSI—¢€¢ - €l §0-0 | ders-omp, wnturumyy
(9102) [094]3 oua[Atpo/opinu
[ed pue e[A7 - SI'se 18°8CS—SS 1€l | 696C°0-961C°0 - 6L0°0-810°0 | dars-om], wnrurny
(9100
‘Te 10 yeimez - 6'ST 0LET - - 70 | dos-om] | I99EM/OPIXO WNIUTWN[Y
(S100)
‘Te 10 1joy3eg - 09 61 - - G0 | doys-omy, 19)eM/)T)QUSRIN
(S100) T8 10
Ipeysreqon - 0s—¢¢ 122415014 - £9°¢ 1-0 | deis-omp, Iojem/wnipe[red
[09A]3 ouaAyio/1rem
(S100) PazIuolop/apIxo
‘Te 3o wrelf - SP=ST | LIYE'8ET-8ILITTT |  ¥8¥0-9TH0 - 1'0-100 | dos-om sudydein
(Q$102) [01004[5/ap1X0
‘[e3e 0lpy 1Ty 0¢ S1'o - 0¢€-0T T | deis-omy unrurumyy
(eS107) [094]3 oua[Ata/aprIxo
‘eRompy | $8°01-99'6 Y4 SOvI-10°¢ - 0¢ €10 | ders-omp, wnisauSeA
(#102) [094]8 ouo[Ayo/aprxo
‘Te 19 9Jsq - ST - 87€°0 09 06 | das-om], wnIsouSeA
I91em POYMSIP/[09K]3
(€102) A&2a QUI[AYIR-SIoYsourU
pue 9[03] - 0L-01 L8 LYE€0-0€0 - S6€0-T+0°0 | dars-om, oueydern
pmyoueu
(woys ) 1w/ m) () (%100 Jo
Do) KiAnonpuod KIAnonpuod azIs pmyoueu jo poyjowr
REN| Hd | ameredway, [eo1m091q [ewlIoy], | 9[onded | UONBIUAIUOD | SISAYIUAS pinpgoueN

(ponunuod) 1 AqeL,



Synthesis and Characterization of Nanofluids ...

(6100)
Te 30 0Y[20D) - | STSL-STST - - Tl | 820°0—#000 | dois-om[, Tojem/aprxo raddo)
(8102) QINIXTW I3)eM/[0A]T
Te 10 onn - S Y T 6y 6¥C°0-L8S"0 0¢ €0 | das-omy |  oueAyie/ OPIXO UODIIS
(L100)
epueuRLIES
pue urpImN - 09 0S9¥1 - - 0S'c | dars-omp, Tojem/Q)TaYSEN
(L100) 109413
[ed pue e[z - SI'ST €€ T-68°0 | 9TSTO-SHPT0 - 920°0-0 | dois-om], | QUSIAYIO/APIXOIP UODI[IS
pmpgoueu
(wo/g ) Orw/m) (uuru) (%'100) Jo
(Do) K)1ATIONPUOD K)1AT)ONPUOD ZIS pmpgoueu jo poylour
FEN| Hd | amjerodway, (82123 [BWISY, | 9[onIed | UONBNUIUOD) | SISAYIUAS pmpgoueN

(ponunuod) 1 AqeL,



6 D. P. Barai et al.

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 and Wongwises 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
etal. 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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Step 1 Step 2
r A ™~ 7 G ~
Nanoparticles ) o .
synthesized using Magnetic Stirrer/ Ultrasonic
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Mixing
#
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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 of manufacture and that it is only applicable for
the basefluids having low vapour pressure (Prakash et al. 2016; Wang and Mujumdar
2007). Zhu and Yin (2004) worked on a single-step chemical process for the synthesis
of Cu nanofluids by reducing CuSO4-5H,0 using NaH,PO,-H,O 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, Cu,O 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.

Magnetic Stirrer/ Ultrasonic Bath/
Homogenizer

Nanoflud

Precursors of Nanoparticles

+Basefluid Solution Reaction
_

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. We already know that the solids, due to the collision of their vibrating molecules,
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,
which makes 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 ordered molecule 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 layer where k; is the interfacial
layer thermal conductivity, C is a constant specific for a type of nanoparticle, t is
the interfacial layer thickness, 1, is the radius of the nano-sized particle and k¢ is the
thermal conductivity of the basefluid.

t
ky = C—k¢ (1)
Ip

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 vary with 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 along with 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 a wide range, right from polymeric materials 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 by Darvanjooghi and Esfahany (2016) that there are —OH groups 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-shaped Cu nanoparticle. This is reported
to be happening due to the high heat transfer caused by the increased contact area with
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 basefluid will rule the major 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/CoszO4 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 Al,Os/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
0.5 W/mK, respectively, at 60 °C. This is because of the combined effect of graphene
sheets and Cu particles 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 Al,Os/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 Al,O3 nanoparticles in Al,O3—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 Al,O3 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 attained most 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 solvent molecules 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.

335 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 charges will affect the degree of agglomeration, which ultimately
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influences the thermal properties of the nanofluid. pH of a nanofluid affects these
surface charges and this is well defined by Wang and Zhu (2009) in their investigation
of thermal conductivity of Al,O3 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

_—
=]
—

8 8 B

Thermal conductivity ratio(k/ k)
R

102

" |-=-0.02%

—o—-0.05%
—4=0.10%

L [-v-0.15%

—
=
—

Thermal conductivity ratio(k/ k)

1.12

1104

1.08 -

1.06

1.04 b

1.02

Fig. 8 Effect of pH of Al,O3 and Cu-based nanofluids on their thermal conductivity (Wang and

Zhu 2009)



Synthesis and Characterization of Nanofluids ... 17

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 (kesr), where k), is the thermal conductivity of the dispersed particles, k; is the
thermal conductivity of the basefluid (continuous phase of liquid) and ¢ is the volume
concentration of the nanoparticles in the suspension.

kot 2K+ 206, — k)
Tk, + 2k — Bk, — k1)

@)

ket

Maxwell’s model (Maxwell 1881) assumes the thermal conductivity improvement
due to the presence of 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 B is the ratio of thickness of nanolayer (h) to the radius of the nanoparticle
(r) and is given as § = h/r. This equation is found to be valid for dispersion of
spherical-shaped particles in the basefluid.

_kp 42k +2(k, — ki) (1 + )0
ky + 2k — (k, — ki) (1 + )0
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Further, Hamilton and Crosser (1962) introduced a model for a solid-liquid sus-
pension as given in Eq. (4), where k, is the thermal conductivity of particles, & is
the thermal conductivity of basefluid, ¥ is the volume fraction of particles, n is the
empirical shape factor defined as n = 3 and v 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.

ket _ kp+ (= Dky = (n = D3(k, — k)
ks ky+ (n— Dky + 0k, — k)
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Thermal conductivity model 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).

k, —k —k
@”—eff>+1—@(—eff>=o 5
<kp + 2kegy =0 k= 2kess )
In this equation, the effective thermal conductivity k. is determined as given in
Eq. (6).

keff_k [(3@—1) Q230+ fx/_} (6)

where the factor of A is calculated by using Eq. (7)
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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:
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Xuan et al. (2003) developed a model as given in Eq. (9) that considered the effect
of Brownian motion and nanoparticles clustering, where R, is the apparent radius
of the nanoparticle clusters and K p is Boltzmann constant.
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Later, Timofeeva et al. (2007) expressed a model, which is based on the effective
medium theory as given in Eq. (10).

ket = k ¢ (1 4 300) (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 k,, = ky(1 + 0.25Rep Pr) is the matrix conductivity, Rep = oa/ prZ,T is the
Brownian Re number, m = 2.5%% 15% is a regression constant, g = 21;”"’" is the
particle Biot number and R}, is the interfacial thermal resistance existing between
nanoparticle and liquid.
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Later, Koo and Kleinstreuer suggested a model (Koo and Kleinstreuer 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
6 is the fraction of the liquid volume which travels with a particle.
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However, the difficulty of this model is that 8 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,0) = (—6.040 + 0.4705)T + 1722.30) — 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.
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Feng et al. (2007) reported a model as given in Eq. (15) to enhance the Yu and Choi
(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.
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Here, 8 = 1 + m is equal to the equivalent thermal conductivity of the
nanoparticles and y; 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.

ke
k—ff =1+7.470 (16)

f

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 Re; =

Gy iy which Cry = %, dy is the equivalent diameter of particle and [
g
mean free path.
dr
kett = k(1 — #) +0.01k, 0 + (18 x 106)d—fkfRe§Prf@ (17)
P

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 Al,O3; 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 Al,O3 nanofluid. Convective heat transfer performance
of TiO,/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.% TiO, nanofluid flowing at Reynolds number of 1750. A heat transfer coeffi-
cient enhancement of 105% has been found by Bhanvase et al. (2014) for TiO,-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 Al,O3-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 Fe;O4/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.



Synthesis and Characterization of Nanofluids ... 21

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 Al,O3-based
nanofluids as car radiator coolants have been conducted by Elias et al. (2014). Simi-
larly, Al,O3-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 Al,O3/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) using Al, Os/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 Al,Os/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 Al,Os/water nanofluid to be used
in a heat sink by investigating its stability. They studied Al,Os/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 Al,Os/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%
Al,Os/water nanofluid was passed through the collector. Gupta et al. (2015) also
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studied the Al,Os/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.% Al,Os/water nanofluid was passed through the DASC at a flowrate of
1.5 I/min. Sokhansefat et al. (2014) investigated the simulation of performance of
Al,O3 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 abasefluid is studied by Maheshwary et al. (2018). Spherical-shaped ZnO nanopar-
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 very well defined that the electrical conductivity is affected by
the physical properties of the nanoparticles and the basefluid. But many researchers



Synthesis and Characterization of Nanofluids ... 23

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 nanoparticles making physical contact with 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 that makes up the working principle of the
electrical conductivity metre 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 (CyberScan CON 11) made by Eutech 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 by many 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 and percolation behaviour of the nanotubes. The concentration where 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 x 1073 to 1.6 x 10~2 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 wS/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 Mebhrali 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 wS/cm, respectively. Al,O3 nanofluids pre-
pared using bio-glycol/water mixtures as basefluid were studied by Abdolbagqi 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 wS/cm when the concentration of Al,O3 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 wS/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 Al,O3 nanoparticles. 1% Al,O3; nanofluid showed electrical con-
ductivity of 165, 80 and 15 wS/cm when 10, 20 and 45 nm-sized Al O3 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 pS/cm, when 36 and 70 nm-sized Al,O3; 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 uS/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 wS/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 and Azizi-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 wS/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 Al;O3; and SiO, nanoflu-
ids prepared using mixture of propylene glycol and water as a basefluid. On the other
hand, electrical conductivity of water-based Al,O3 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 444.9 1 S/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 a motion, most commonly the Brownian motion. 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
ananoparticle 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 (A¢s) and conductivity of the basefluid (An¢) as a function of conductivity
ratio of the two phases («) and volume fraction of the nanoparticles in the nanofluid
(¢). 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.

heft _ n -1
Abf (@+2)—(a—1D¢

(18)

Here, ‘o’ as given in Eq. (19) is the ratio of conductivity of the nanoparticles (A )
to the conductivity of the basefluid (Apy).

ol (19)

a=-"L
Abf

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 %‘{ =1- %qf»

insulating type (A, < Abf)

If the dispersed phase, that is, nanoparticles have %fff =1

same conductivity as that of the basefluid (A, = Apr)

If the dispersed phase, that is, nanoparticles are of %‘t‘ =1+3¢

conducting type (A, >> Apf)




30 D. P. Barai et al.

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 MWCNTSs 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 Al,O; nanofluids when compared to the experimental values. This
was due to the dependence of electrical conductivity of the Al,O; 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.

(Aeff — Abf)

. = 3679.049¢ 4 1.085799T — 43.6384 (20)
bf

Further, Konakanchi et al. (2011) studied the electrical conductivity of three types
of nanofluids, namely Al, O3, SiO; and ZnO nanofluids, using propylene glycol/water
mixture as the basefluid. They developed a correlation given in Eq. (21) for prediction
of electrical conductivity of the Al,O3 nanofluids (A, ) with respect to temperature
(T) which has correlation coefficient of 0.9923.

At = 1.3732T —355.39; 273K < T < 363K 1)

Also, for electrical conductivity of the SiO, nanofluids ()\,), 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.

Anf = 2.5241T — 641.04; 273K < T < 363K (22)

Similarly, for electrical conductivity of ZnO nanofluids (4,r), a correlation was
developed. But, unlike the equation for Al, O3 nanofluid and SiO, 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.

At = —0.001272 + 1.0844T — 202.61; 273K < T < 363K (23)

Similarly, for the modelling of electrical conductivity of Al,O3 nanofluid (1) in
relation with the percentage volumetric concentration of the nanofluid (¢) the authors
present a polynomial equation, as given in Eq. (24), having correlation coefficient of
0.9994.



Synthesis and Characterization of Nanofluids ... 31
At = —0.2996¢7 + 12.242¢ + 3.5475; 1% < ¢ < 10% (24)
Further, they also developed correlations for electrical conductivity (1) in rela-

tion with the average particle size (d) for Al,O3, SiO; and ZnO nanofluids as given
in Egs. (25), (26) and (27), respectively.

Anf 2 T 2 T
== =[-1772.883¢" + 1128.208¢ + 14.425] x | —2.069( — | +4.578( — ) —2.204
Abf Ty Ty

x [11.456(%) — 16.256] (25)
A
2 = [2928.485¢ + 23095.615¢ + 419.136]
Abf
T\? T
x | =3.3731 — ) +7.3092( — ) —3.3397 (26)
Ty Ty
Ant 5 T\2 T
I = [-8177.324¢% + 1413.054¢ + 2.2848] x —2.719<—) + 5.594<f> —2.584
bf To Ty
x [11.681(%) — 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 Al,03
nanofluids prepared in water, but both the models could not predict the experimental
data.

_ 1/3
| — = Ko —her ("_f’> (28)

ks

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 Al,Os/water nanofluids (A) with temperature (T) and volume
fraction (¢).

A = 176.69 + 588.41¢ — 13.64T — 86.31¢> 4+ 0.36T> + 1.07T ¢
+ 11.064> — 0.00373 + 0.18T2¢ — 1.01T ¢> (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 (A).
Those two factors are the electrical conductivity due to electrophoresis (Ag) and
due to the Brownian motion (1p). The equation thus derived by them to predict
the electrical conductivity of the ZnO-insulated oil nanofluid is as given in Eq. (30)
where Aye is the electrical conductivity of the basefluid, ¢ is the volume fraction
of the nanoparticles in the nanofluid, ¢, is the relatively dielectric constant of the
nanofluid, & is the dielectric constant of the vacuum, U 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, A
is the viscosity index of the fluid, Tj is the temperature of the nanofluid at which the
viscosity is measured, p is the nanofluid density and v 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.

A=Ay +Ap+Ap = Apr(l + 3¢)

3geeoUo (RT M0 L 295} 53 U3 MT—Th)
—_— e
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(30)

Similar study was done by Dong et al. (2013) for transformer oil-based aluminium
nitride (AIN) 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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The Shen’s model (2012) has been used by Bagheli et al. (2015) to predict elec-
trical conductivity of Fe;O4 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 Fe;O4 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 Al,O3 and CuO dispersed in
polar solvents. In fact, the Maxwell model underestimates the electrical conductivity
of Al,03 and CuO nanofluids. Same has been found by Zakaria et al. (2015) for
water/ethylene glycol mixture-based Al,O3; 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 f,,
is the mass fraction of the graphene oxide sheets in the nanofluid.

A = 32.32 + 333228.571 7, (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).

A =5.7471 4+ 1517.8 x (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 Al,O3 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 Abdolbagqi et al.
(2016). Shoghl et al. (2016) studied a wide range of water-based nanofluids, namely
Al,O3 nanofluid, carbon nanotube (CNT) nanofluid, CuO nanofluid, MgO nanofluid,
TiO, 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 (\) of each nanofluid as given in
Egs. (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 (¢).

177.905 -
)= 20182.365 — 0.0236 In(¢) — — % —20193.232¢7%: 0 < ¢ < 0.5
n
(34)
A = 59.9851 In(¢) + 626.2985; 0 < ¢ < 0.5 (35)

A = 5.7234 + 1565¢> — 3.835 x 10°¢> — 24.397¢"In(¢); 0 < ¢ < 0.3 (36)

A = 94.07 — 597560.2¢% In(¢) — 434.4684° In(¢)
—0.00018(In(¢))*; 0 < ¢ < 0.55 (37)

A =5.685 —100847.89¢ — 14519.151¢ In(¢)
209917.22¢  17.459
In(¢) In(¢) ’

A = 1950427497.325¢° — 10130820.427¢°
+ 16263.712¢ +45.856; 0 < ¢ < 0.35 (39)

0<¢ <052 (38)

Nurdin and Satriananda (2017) reported that the electrical conductivity of
maghemite (y-Fe,Osz)/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 can well 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 Al,Os/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
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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 (D) as
a measure of particle size can thus be known by using the Stokes—FEinstein relation
given in Eq. (40) where k; is the Boltzmann’s constant, T is the thermodynamic
temperature, n is the viscosity and D; is the translational diffusion coefficient.

kT

Dy =
SHVZD[

(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 and Rajan (2012) studied the effect of ultrasonication time on the particle
size distribution of ZnO-based nanofluids prepared using water as a basefluid. They
have clearly mentioned 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 TiO, 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 TiO, 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. Collaetal. (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 Al,O3-based nanofluid prepared using distilled water, ethylene glycol and
mixture of water/ethylene glycol (in the ratio 75:25). They prepared Al,O3 nanofiu-
ids in the volume fraction range of 0.1-1%. For water-based Al,O3 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 Al,O3 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 Al,O3; 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 TiO,—water nanofluids can be
well stabilized using acetic acid and cetyl trimethylammonium bromide (CTAB) as
dispersants. They purchased 21 nm-sized TiO, 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 TiO, 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 PO*~
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 PO~ ions, this process
is reversible and so restoration of the PO~ 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 k¢ is the thermal conductivity of nanofluid containing
primary particles as well as clusters, ky is the thermal conductivity of basefluid, kpp, is
the thermal conductivity containing primary particles, k,, is the thermal conductivity
of the particles, & is the shape factor defined as & = 3/ (v is the sphericity of the
nanoparticle clusters), ¢. is the volume fraction of clusters in the nanofluid and is the
product of volume fraction of nanoparticle clusters in the nanofluid, ¢,,, and volume
fraction of nanoparticles in the spherical clusters, @j,s.
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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
long wavelengths, unlike the small-sized particles that absorb only short wavelengths
(Du and Tang 2015). Thus, the absorption of wavelengths 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

Nanotechnology has recently become the most important area of research which 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. This method 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. The major 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 O-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 the material from the bottom: atom by atom, molecule by molecule, which means a
build-up of material from atom 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 novel method 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 nanoparticle mainly synthesized by biological meth-
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 and plant extracts. In the biochemical reactions, AgNOj reacts with 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) are most 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.
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Fig. 4 Properties of silver nanoparticles
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(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 (TiO, NPs)

Recently, titanium dioxide nanoparticles are manufactured in large quantities because
of its photostability properties. TiO, nanoparticles have the ability to block the ultra-
violet radiation exposed by sun. Nowadays, TiO, 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,
TiO, nanoparticles play an important role in manufacturing of nanomedicine. TiO,
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



60 S. Kakkar et al.

Fig. 7 Types of bimetallic —
nanoparticles A Bimetallic Nanoparticles

Hollow

Structure
Y

Alloyed
Structure Porous

Structure

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
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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 the most important factor which 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
by TEM, SEM, and AFM (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 Surface composition, ligand binding

(FTIR)

Field emission scanning electron microscopy | Topological information

(FESEM)

(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 Laborious sample preparation
systems

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 a most 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, safe water purifications, and solar energy systems. The synthesis of
nanoparticles through biological methods will play a major role in many 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



Synthesis, Characterization, and Application of Biogenic ... 65

Anticancer & Drug
Delivery

Antibacterial
Antioxidant

Bio-Imaging

1. BIOMEDICAL

Nano Fertilizers Nanocomposites

Nano Pesticides Nanoencapsulation of

. . 4. AGRICULTUR 2. INDUSTRIAL flavor/aromas
Nano Herbicides ORCULTLEE
. Industrial Catalysts
Detection of Pathogens

Wastewater Treatment
Soil Remediation
Contaminant removal and

Pollutant Scavenger

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 TiO,, 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. The most commonly used microorganisms 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
AG259 was 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
etal. 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 the Actinia-like biomimetic micellar 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-MnO,
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 (Gruere 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 i

C. Balasubramanian

Abstract Plasma here refers to the fourth state of matter which has wide-ranging
applications—right from industrial to biomedical. A word 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 by Richard 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 review of 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 H,O 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 (¢~) 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 to move without much 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, the material 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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Fig. 1 Schematic of a (a) typical non-transferred plasma arc torch (b) with powder injection into
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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
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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 be made 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 I°R, where [ 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 plasma plume would melt and evaporate it. The vapourised material, as it moves
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 anode material turning it into charged particles within 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.

Temperature Decrease Coalescence of the Particles
W Cathode ? ’ ‘ @
@
| Heterogeneous Condensation

Coalescence of the Particles
L ]

Arc Plasma ~————Homogeneous Nucleation

‘ Molten metal mixture Neta“"apor

Water Cooled Cu Anode

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;
(i1) 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 obtain metal 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 onto molecules 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 oxygen medium,
the metal vapours react with them to form metal oxide nanostructures. If, on the other
hand, the air in the synthesis chamber is evacuated and filled with argon or helium
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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 =1°R

where [ 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 the walls 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 various flanges are sealed with neoprene
or viton “O” rings, then the flanges also need to be water 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 the metal
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 (TiO,) 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 TiO; 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.

(b)

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 good physical and mechanical 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~ mbar and then
filled with helium gas till 1 atmosphere, and in the second set the chamber was
evacuated to 107> 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~* 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 the other hand, the samples prepared under low oxygen partial 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

(a) o (b)

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



88 C. Balasubramanian

Fig. 10 Silicon carbide
nanoparticles

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

Under lower arc currents (<150 A) 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 (AIN) 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 AIN nanostructure preparation, pure aluminium discs were placed in a copper
crucible which served as the anode and tungsten rod which served as the cathode. The
synthesis chamber was evacuated to a pressure of 5 x 1076 Torr and then flushed with
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 AIN
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 AIN 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 AIN nanostructure prepared under three different arc currents of a 50 A,
b 100 A and ¢ 150 A. The filled circles denote cubic phase AIN and the open circles denote hexagonal
phase of AIN

50 A arc current (indicated by (a) in the spectra below) had five diffraction peaks—all
matching with cubic phase of AIN. No other phases were detected. It is to be noted
that cubic phase of AIN 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 AIN. 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 107> or 10~® 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.
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Counts
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Fig. 12 XRD spectra of tellurium nanoparticles
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5 Conclusion

Nanomaterials have wide-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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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. In molecular self-assembly, well-defined higher
order structures result from the spontaneous association of the components mainly
via head-to-tail hydrogen bonding, mt-7 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; lijima 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-
a-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 ZHNMR 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 f-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 the field 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. o, B-
Dehydroamino acids (Aa.a), a,a-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, o, f-dehydrophenylalanine
(APhe) a member of a, f-dehydroamino acid group is being extensively used in the
modular approach to synthetic protein design. Herein, the possibility of incorpo-
rating o, (-dehydrophenylalanine ( APhe) residue in the peptide sequences for
studies in molecular self -assembly has been explored.

2.1 «a, B-dehydroamino Acids

These are the derivatives of protein amino acids (saturated amino acids) with a double
bond between C* and C? atoms (Fig. 1) and are represented by a prefix symbol ‘A’.
They are also referred as «, B-unsaturated amino acids and are frequently found in
natural peptides of microbial, fungal metabolite sources (Aubry et al. 1985; Gross and
Morell 1967; Jung 1991), and in some proteins, e.g. histidine ammonia-lyase from
bacterial and mammalian, 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 o,3-dehydro amino acid
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Fig.1 General chemical structure of protein amino and a, f-dehydro ammo acid. The main differ-
ence between o, B-dehydroamino acid and protein amino acids is the double bond between C* and
CP atoms. In this figure, C* is represented as CA, CP as CB and so on

ancovenin are composed of o, B-dehydroamino acids (Jung 1991). While nisin, sub-
tilin contain dehydroalanine (A Ala) and dehydroaminobutyric acid (A Abu), epiderm
in and ancovenin have AAbu and AAla, respectively (Jung 1991). Other dehydro
residues such as dehydroleucine (ALeu) and dehydrophenylalanine are present in
albonoursin (Komatsubara et al. 1977), dehydrotryptophan (ATrp) in neochinulins
(growth inhibitor) (Dossena et al. 1974), dehydroVal (AVal) in penicillin (Shimo-
higashi et al. 1982). Dehydroalanine (AAla) 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 AAla 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 peptides with 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 (Shimobhi-
gashi et al. 1987) are some of a, f-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 C* and C? atoms in dehydroamino acids (a simple
modification to protein amino acids), induces apparent changes to conformational
and biochemical properties of peptides containing dehydroresidues. This double bond
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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 o, f-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 (AAla), dehydrovaline (AVal), dehydroleucine (AVal), dehy-
droaminobutyric acid (AAbu), dehydroisoleucine (Alle), dehydroproline (APro)
and dehydrophenylalanine (APhe) 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 «, f-dehydrophenylalanine (APhe) Residue

As mentioned earlier in the definition, it is an analogue of phenylalanine residue,
with a double bond between C* and C? atoms. It can exist in two isomeric forms,
Z-isomer (A%Phe) and the E-isomer (AFPhe) (Noda et al. 1983) (Fig. 3). In the Z-
isomer the C=0 group is in frans 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 (AZPhe) 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 (A%Phe) and here afterwards we represent it by APhe or
AF.
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7-isomer E-isomer

Fig. 3 Isomers of dehydrophenlalanine residue Z-isomer (APhe”) and E-isomer (APheE)

2.1.2 Geometric Features of APhe

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

Phe APhe
g
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?’-F’ -
¥ ~ £60° or Soe
o D le B
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Fig. 4 The coded and the non-coded amino acid Phenylalanine (Phe) and o, pB-
dehydrophenylalanine (APhe)
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planar residue as a whole. The shorter C* and CP bond (~1.33 A, 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
C*=CP—CY and N-C®=CP. These bond angles usually assume values of approxi-
mately 130° and 125°, respectively, in APhe 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-C*
bond (¢) by approximately £60° and in part by a slight deviation of the planarity of
the residue (non-zero values of %' torsion angle). Besides, there is additional com-
pensation for steric hindrance paid by the slight deviation in bond angles of N-C*~C’
and CP=C%—C’. There are shortening of N-C*, C*~C’/, and ch_cv single bond lengths
and elongation of C'=0 double bond maybe due to partial conjugation of the C*=C?
bond and the peptide bond (Jain and Chauhan 1996; Mathur et al. 2004; Singh and
Kaur 1996). Thus the double bond between C* and CP introduces strong steric effects
in a dehydro residue resulting in a significant geometrical alteration.

2.1.3 Conformational Features of APhe

As mentioned earlier, the steric clash in APheresidue is released in part by the rotation
of ¢ &~ 460° or —60°. When ¢ ~ 4-60°, the allowed values of s can approximately
be +30° or +150° after removing the steric clashes. Similarly when ¢ &~ —60°,
Y can be approximately —30° or —150°. Thus from the simple model building
studies it has been inferred that the most favourable conformation for APhe residues
is (¢, P) &~ (60°, 30°), (60°, —30°), (60°, 150°), (—60°, —150°). The theoretical
conformational studies have suggested that there are six energy minima possible for
APhe 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 APhe residues have been reported. The analyses
of these structures suggest that APhe residue can assume conformations (¢, V) ~
(—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 APhe containing peptides, in which the observed (¢, {r) values are plotted.
It is clear that a majority of the observed (¢, ) 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 o, $-dehydrophenylalanine (APhe) 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 B-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 ¢, ¥ 180
values for the APhe
containing peptides
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restricted on account of a double bond between C* and C? 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. +H;N-Phe-APhe-COO-, (FAF)
. +H;N-Val-APhe-COO-, (VAF)
I +H;N-Ala-APhe-COO-, (AAF)

Apart from the crystallographic study, the peptides FAF and AAF were also
studied using Transmission Electron microscopy, Scanning Electron Microscopy,
Environmental Scanning Electron Microscopy, Congo red staining and birefringence,
Dynamic Light Scattering and Differential Interference Contrast Microscopy.

Although biological scaffolds, including short peptides, offer a myriad 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.
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3 Characterization of Dipeptides

3.1 Characterization of Dipeptide I (F AF)

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 K|, radiation. Unit cell parameters and orientation
matrix were determined initially by collecting three sets of data collected at three
different settings (setl ¢ = 0°, 260 = —28°, w = —28°; set2 ¢ =90°, 20 = —28°,
w = —28°% set3 ¢ = 0°, 20 = 28°, » = 28°), each data set consists of 50 frames
with w-scan width of 0.3°. The diffraction data were acquired over a hemisphere of
reciprocal lattice space by three different settings of ¢ (¢ =0°,90°, 180°) and keeping
detector at an angle of 26 = —25°, with detector to crystal distance of 6.07 cm. For
each setting of ¢, 606 diffraction image frames with w-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 (FAF) 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 [Phe] are in agreement
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Table 1 Crystal, diffraction and refinement parameters for peptide I (FAF)

Empirical formula

Cis Hj7 N» O3. ICH3COOH

Molecular weight 309.3
Crystal system Monoclinic
Space group P2

Cell parameters

a=>5.5776(6) A, b= 13.0942(14) A, ¢ = 12.8239(14) A, a = y =
90°, B = 92.64°

Cell volume 935.59(2) A3

Z 2

Density calculated 1.10 gm cm ™3
Absorption coefficient 0.076 mm~!
Radiation used Mo (» =0.71073 10\)
Resolution 0.87 A

Unique reflections 1969

Observed reflections 1678 (IFol > 4 o (IFol))
Structure Solution Shells

Refinement procedure

Full-matrix least-square refinement on [Fol? 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 ¢/A3, Min. = — 0.12 ¢/A3

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 APhe residues in the
peptide molecule are in agreement with the previously reported values for APhe
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 FAF which are compared with the corresponding
values for the saturated analogue FF (Gorbitz 2001).
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Acetic-acid

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

Fig. 7 The asymmetric unit of FAF 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

FAF 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 Torsion angle FAF FF

angles (°) for

L-Phenyalanyl-a, Y1 =N;-C{-C{'-N 150.57 (20) 157.82 (4)

B-dehydrophenylalanine, wl =C¢-C,'-Ny'C4 177.96 (20) —179.10 (4)

dipeptide I (FAF) and | - . o S

Phenyalanyl- -phenylalanine $2 =Cr -No-G3-Co —66.84 (28) 35.40 5)

(FF) WT1 = Np-C§-C,'-0T1 —-29.3(3) 43.8 (5)
WT2 = N,-C§-C,'-0T2 154.1 (2) —139.8 (4)
0 = Ch-ceL cy-Ch 149.70 40.21

g%%ﬁ:
g’r g‘%\ §%g'
% % ﬁg £

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~APhe-COO~

S

molecules (Gorbitz 2001). Phe-APhe (FAF) 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 x 4.5 A. The acetic acid molecules trapped in the channel
formed by Phe—APhe 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- APhe molecule are tab-
ulated in Table 3. The crystal structure of the Phe—APhe 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

dipeptide I (FAF)

observed in the structure of

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

Cl1A 0Ol 3.245 2.65 120 X, Y, 2

Cl1A Ol'A 3.228 2.53 129 x—1,+y, +z

C1D2 02A 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, 4y, +z

CI1E2 02 3.645 297 131 —x—=1,+y+1/2,-z+1
C2E1 01 3.771 2.83 171 —x—-1L+y+12, -z

N1 02 3.041 2.33 137 x+1, 4y, +z

N1 02'A 2.851 2.09 142 —X,+y — 12, -z + 1

N1 02A 2.779 1.93 159 —x—-1L+y—-12,-z+1
N2 02'A 2.819 2.03 152 x—1,4y, +z

02 02A 2.585 - - —x—-1L+y—-12, —z+1
02 or'a 3.074 - - x—1,+y, +z

APhe

Phe

o,

Fig. 9 Zoomed stereo view of the tubular structure formed by the aggregation of four dipeptide
molecules of FAF with 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 - it 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 A, the hydrogen to acceptor distance is 3.07 A 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 (FAF)

Self-assembly has recently become a major thrust for material 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 APhe 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 x 4.5 A. 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 A. Further differences in the two struc-
tures, Phe-Phe and Phe-APhe, are seen in their molecular conformations. A
simplified description of a dipeptide can be made by calculating a torsion angle 6
= C?—C‘}‘ Cg‘—Cg, 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 1 -Xaa-; -Xaa dipeptides (Xaa is neither Gly nor Pro), the side chains
usually point in the almost opposite direction with |6 usually being >135. According
to this torsion angle description, Phe—Phe occurs in the most unusual confor-
mation with 6 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—APhe this torsion angle 0] 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—APhe 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 (V AF)

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 SMART APEX CCD diffrac-
tometer equipped with Mo K, radiation. Unit cell parameters and orientation matrix
were determined initially by collecting three sets of data collected at three different
settings (setl ¢ = 0°,20 = —28°, = —28°; set2 ¢ = 90°, 20 = —28°, w = —28°;
set3 ¢ =0°,20 =28°, w = 28°), each data set consists of 50 frames with w-scan width
of 0.3°. The diffraction data were acquired over a hemisphere of reciprocal lattice
space by three different settings of ¢ (¢ = 0°, 90°, 180°) and keeping detector at an
angle of 20 = —25°, with detector to crystal distance of 6.07 cm. For each setting of
¢, 606 diffraction image frames with w-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 solution was obtained by 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 0.061. After
assigning each peak to the corresponding element, isotropic refinement was carried
out using the computer program SHELXL97 (Sheldrick 1997). Two water 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 (VAF) 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 (VAF)

Empirical formula (C14 H17 N2 03)2. 2H20

Molecular weight 262.308

Crystal system Monoclinic

Space group C2

Cell parameters a=31.0101(62) A, b =5.5658(11) A, c = 18.8130(38) A, p =
115.43(30)°

Cell volume 2932.57(463) A3

zZ 8

Density calculated 1.18 gm cm™3

Absorption coefficient 0.084 mm~!

Radiation used Mo (A =0.71073 A)

Resolution 09 A

Unique reflections 3085

Observed reflections 2949 (IFol > 4 o (IFol))

Structure solution Shelxs

Refinement procedure Full-matrix least-square refinement on [Fol?> 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. = 0.49¢/A3, Min. = —0.18 e/A3

Val APhe

Fig. 10 Conformation of peptide II (VAF) 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 APhe residues in
the peptide molecule are in agreement with the previously reported values for APhe
residues in the literature (Jain and Chauhan 1996; Mathur et al. 2004; Singh and
Kaur 1996).

3.24 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 AF 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 -Valyl-a,
Bdehydrophenylalanine (V AF) and for L-Valyl-L-phenylalanine

Torsion angle (VAF)a (VAF) VF (Form 1)
¥l =NI-Cla—C1’-N2 145.95 (31) 127.36 (30) 151.35 (11)
wl = Cla-Cl'-N2'C2a 178.75 (29) —174.01 (27) 172.31 (11)
¢2 = C1I'-N2-C20-C2’ 58.36 (41) 53.41 (39) 48.55 (16)
WT1 = N2-C20-C2'-OT1 23.26 (50) 25.84 (48) 48.4 (10)
VT2 = N2-C2a-C2'-0OT2 —158.48 (34) —157.17 (33) —136.3 (14)
6 = C1p—ClaL C20-C28 222 40.4 19.97

3.2.5 Crystal Packing

The dipeptide VAF (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 VAF, have 10| = C‘i—
C*fLC;—C"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 VAF, 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 NH;+ and
—0O0C 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



Peptide Nanotubes: A Crystallographic Approach 111

chains of Val and AF. 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 VAF 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 x 5.0 A.

These water molecules exhibit N-HLO hydrogen bonding with the NH3* group.
The VAF 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 C1Gl1 acts as the donor in a
C-HLm interaction (Brandl et al. 2001). The donor to acceptor distance is 3.929 A,

Table 6 Hydrogen—bond parameters for 1 -Valyl-a, -dehydrophenylalanine (VAF)

D (donor) A(acceptor) DL.A (A) HLA (A) D-HLA (°) Symmetry Code
NIA 02B 3.413 2.56 161 X, +y—1,—-z
NIA 02'B 2.827 2.06 143 -x,+y—1,-z
NIA O1w 3.087 2.25 156 —X, +y, —z
NIA 02B 2.824 2.00 135 —X, +Yy, =z
N2A 02A 2.822 2.08 145 X, +y—1,+z
NIB O1wW 3.045 2.33 138 X, +y—1+z
NIB o2wW 2.927 2.39 120 X, +y—1+z
NIB O2'A 3.377 2.52 161 X, 4y —1,+z
NIB 02A 2.802 2.05 142 X, +y—1,+z
NIB 0O2'A 2.808 2.09 138 X, Y, Z

N2B 02'B 2.807 2.08 142 X, +y—1,+z
ClA Ol'A 3.220 2.48 132 X, +y—1,+z
C2D1 N2B 3.096 247 125 X, Y, Z

CI1B O1'B 3.225 2.45 135 X, +y—1,+z
C2G2 O1’B 3.072 2.44 123 X, Y, Z

Do (donor) A(acceptor) D .... A H..AQ) D-H...A(°) Symmetry Code
(A)

o1w o2w 3.430 - - X, +y—1,+z
O1wW o2w 3.114 - - X, +y—1,-z
o1w o2w 3.070 - - —X, +y, —z

o1w 0O2'A 2.733 - - —X, +y, =z

o2w o2w 2.809 - - —X, +y, =z

o1w Ol’'A 3.347 - - —X, 4y, —Z
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Fig. 13 View of the tubular
structure formed by the
aggregation of four dipeptide
molecules of VAF 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 VAF
molecule. The side chains
not involved in interactions
have been omitted for clarity

A. Bagaria and S. Ramakumar
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the hydrogen to acceptor distance is 3.11 A while the angle D-HLA (where D is the
donor and A is the acceptor) is 145°.

3.2.6 Discussions About Dipeptide II (VAF)

In VAF, four peptide molecules constitute the circumference of the rectangular
channel of dimension 5.0 x 4.0 A. 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 AF.

The crystal structure of the dipeptide | - Valyl-; -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 I11 (AAF)

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 and X-ray diffraction data were collected on a Bruker AXS SMART APEX CCD
diffractometer equipped with Mo K|, radiation. Unit cell parameters and orientation
matrix were determined initially by collecting three sets of data collected at three
different settings (setl ¢ =0°,20 = —28°, ® = —28°;set2 ¢ =90°,20 = —28°, w =
—28°; set3 ¢ =0°,20 =28°, w =28°), each data set consists of 50 frames with w-scan
width of 0.3°. The diffraction data were acquired over a hemisphere of reciprocal
lattice space by three different settings of ¢ (¢ = 0°,90°, 180°) and keeping detector
at an angle of 26 = —25°, with detector to crystal distance of 6.07 cm. For each
setting of ¢, 606 diffraction image frames with w-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 solution was obtained by using direct methods 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 (AAF)

Empirical formula

CI12 H14 N, O3.2H,0O

Molecular weight 234.3
Crystal system Monoclinic
Space group P2

Cell parameters

a=5.8106(11) A, b=7.9171(16) A, ¢ = 14.9073(29) A, B =
93.77°

Cell volume

684.30(3) A3

Z 2

Density Calculated 1.14 gm cm ™3
Absorption Coefficient 0.083 mm~!
Radiation Used Mo (. =0.71073 10%)
Resolution 1.00 A

Unique Reflections 1420

Observed Reflections 1310 (IFol > 4 o (IFol))
Structure Solution Shelxs

Refinement Procedure

Full-matrix least-square refinement on [Fol? 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/A3, Min. = —0.11 e/A3

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 SHELXIL.97 (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 (AAF) 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 APhe

Fig. 15 Conformation of dipeptide III (AAF)

CB-CG; CA=CB-CG; N-CA=CB; N-CA-C’; CB=CA—-C'] of the APhe residues in
the peptide molecule are in agreement with the previously reported values for APhe
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 AAF (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. AAF 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 AAF. It can be seen that the dipeptide forms
an extended structure rather than a hydrophobic channel. The torsion angles for
AAF and its analog AF are listed in Table 8. For AAF the value of torsion angle
16l = 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.
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01w

Fig. 16 The asymmetric unit of AAF 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

TORSION ANGLE AAF AF

angles (°) for of L-alanyl-a,

B-dehydrophenylalanine Y1 =NI-Cla-C1’-N2 161.73 (36) 159.8 (4)

(AAF) and its analog ol = Cla-C1’-N2-C2a 177.27 (35) 171.4 (4)

r-alanyl-p phenylalanyl (AF) = > 1 N cog-c2/ 64.25 (50) ~77.6 (5)
WT1 = N2-C20-C2'-OT1 19.76 (54) —32.0 (4)
WT2 = N2-C20-C2-OT2 | —163.66 (35) 152.1(5)
6 = C1p-ClaL C20-C28 —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 AAF viewed along the c-axis shows the formation of alternate hydrophobic
layer. Water molecules (A) are part of the hydrophilic layer

Table 9 Hydrogen-bond parameters for 1 -Alanyl-a, B-dehydrophenylalanine (AAF)

D (donor) A(acceptor) DLA HLA (A) D-HLA (°) Symmetry Code

A)

C7 N2 3.091 248 124 X, Y, Z

N1 02w 2.780 2.05 137 —x+1,+y+1/2,-z+1
C2 o1w 3.652 291 135 x+1,+y+1,+z

NI o1w 3.071 233 141 X+ 1, +y+1/2, -z

N1 Ool'w 2.865 1.99 169 x+1,+y+1,+z

N1 03 3.002 2.32 134 —Xx+1,+y+1/2, -z

Cl1 02 3.396 2.66 132 X+ 1, +y, +z

N2 02 2.869 2.07 155 X+ 1,4y, +z

C2 01 3.121 2.51 122 X+ 1, +y, +z

Oo1w o1 3.068 - - X, +y—1,+4z

Oo1w 0Ol 3.142 - - —x+1,+y—=1/2, -z
Oo1w 03 2.847 - - —x+1,+y—1/2, -z
o1w 02w 3.221 - - x,+y—1L+z-1

Oo1w 02w 3.354 - - —X,+y —1/2,—z+1
Ool'w o2w 3.460 - - —x+1L+y—-12,-z+1
02w 02 2.745 - - X, +y+1/2,—z+1
o2w 03 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 AAF molecule. The side
chains not involved in interactions have been omitted for clarity

3.3.6 Discussions About Dipeptide III (AAF)

The dipeptide III (AAF) 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 AAF is similar to its counterpart  -alanyl-
Lphenylalanyl (AF) with a co-crystallized organic solvent molecule (Gorbitz 1999).
The peptide A AF did not display any tubular structure as seen using different imaging
techniques (at the concentration at which Phe- APhe was investigated ~1 mg/ml).

4 Conclusion

Self-assembly has recently become a major thrust for material 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 APhe in the dipeptide motif. In a minimalist approach towards
examining the role of APhe residue towards self-assembly, Phe—APhe, Val-APhe
and AlaAPhe dipeptides have been investigated.

The peptide | -Phenylalanyl-a, $-dehydrophenylalanine (FAF) 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 APhe that introduces a restric-
tion on account of a double bond between C, and C; 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 | -Valyl-a, f-Dehydrophenylalanine (VAF) and ; Alanyl-
a, f-Dehydrophenylalanine (AAF) 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. VAF forms hydrophobic columns having a
hydrophilic core while AAF 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 ; -Phe-; -Phe and includes Leu-Leu, Leu-Phe,
Ile-Phe, Ile-Leu. The absolute value of the torsion angle 6 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 in molecular structures on self-
assembly, we have compared the solid-state structures of VAF and AAF. VAF falls
under FF class fulfilling both the criteria and being more hydrophobic prefers channel
formation tracing helicity. Albeit, for AAF 18] < 90°, but it being less hydrophobic,
prefers extended layer formation. Itis clear that the introduction of the hydrophobicity
parameter brings about changes in packing. Even though the confirmation of these
two peptides 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.

nt-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
n-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- APhe as compared to Phe- APhe substantiates the above
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Table 10 Summary of various parameters for the hydrophobic dipeptides in discussion

Dipeptide Tube dimensions [A] 01[°] Crystal packing

FAF 6.0 x 4.5 150 Tubular assembly

VAF 40 x50 22,40 Tubular assembly

AAF - -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 and motifs 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 APhe 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). APhe 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’ L
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-based materials has proved to be a helping hand in many 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; Rodriguez-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
etal. 2015). The structure as well as properties of HNT are majorly 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 Al,(OH)4Si,05-nH,0, 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 and major 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 and mesoporous 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
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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 the HNT is carried out by Fourier Transform Infrared Spectroscopy
(FTIR). The analysis spectra reveal the characteristic vibrations of HNT at 905—
910 cm™! for Al-OH stretching, and at 1025-1035 cm~! 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 on HNT 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-
bilized with various guest molecules 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 (Pirild 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. Application | Guest Source Target References
No. molecule
1. Dye Fe;04 FeCl3-6H,0, Methyl Violet 2B Bonetto et al.
Removal nanoparticles FeSO4-7H,0 (2015)
Fe3 04 FeCl3-6H,0, Methyl Violet Duan et al.
nanoparticles | FeSO4-7H,0 (2012)
Fe304 FeCl3 Methylene Blue Jiang et al.
nanoparticles (2014)
Fez04 FeCl3-6H,0, Methylene Blue, Xie et al.
nanoparticles | FeSO4-7H,O Neutral Red, Methyl (2011)
Orange
Fe;04 FeCl3-6H,0, Naphthol Green B Riahi-Madvaar
nanoparticles | FeSO4-7H,0 etal. (2017)
Fe304 FeCl3-6H,0, Methyl Red, Methyl Liu et al.
nanoparticles FeSO4-7H,O Orange (2018)
—NH, APTES Direct Red 28 Zeng et al.
groups (2016)
—NH; Dopamine Direct Red, Direct Zeng et al.
groups Yellow, Direct Blue (2017)
Catechol and | Polydopamine Methylene Blue (Wan et al.
—NH; 2017)
groups
—NH; Chitosan Methylene Blue, Peng et al.
groups Malachite Green (2015)
TiO; Titanium dioxide Aniline Szczepanik
nanoparticles etal. (2016)
2. Heavy Quaternary HDTMA Cr (V] Jinhua et al.
metal Ammonium (2010)
removal ions
—NH; APTES and Cr (VI) Tian et al.
groups Polyethyleneimine (2015)
—NH; 3-AzPTMS Pb (1) Cataldo et al.
groups (2018)
Fe304 FeCl3-6H,0, Pb (II) Afzali and
nanoparticles | FeSO4-7H,0 Fayazi (2016)
—NH; APTES, N-2 Pb (1) Heetal. (2013)
groups Pyridylsuccinamic
acid
Catechol and Polydopamine Pb (II), Cd (II) Hebbar et al.
-NH, groups (2016)
3. Pesticide —COOH Succinic 2,4,6,-Trichlorophenol | Pan et al.
groups and Anhydride, (2011)
Fe;04 Fe(acac)3
nanoparticles

(continued)
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S. Application | Guest Source Target References
No. molecule
Cu?* ions CuSOy4 2,4,6,-Trichlorophenol | Zango et al.
(2016)
—OH, and NaOH, APTES Diazinon, Parathion, Saraji et al.
NH; groups Fenthion (2017)
TiO; Titanium Dioxide | Parathion Saraji et al.
nanoparticles (2016)
Rose Bengal Rose Bengal n-nonylphenol Bielska et al.
(2015)
Fe304 Fe (NO3)3-9H,0 Pentachlorophenol Tsoufis et al.
nanoparticles (2017)
4. Gas —NH; APTES CO; Ge et al.(2017)
separation | _ N, AEAPTMS CO,, CHy Hashemifard
etal. 21)
5. Energy —SH groups, | MPTS, Nickel Supercapacitor Lietal.
storage Ni3S; Sulphide (2017a, 2017b)
nanoparticles,
Carbon
Nanoparticles
Graphene Graphene aerogel | Electrothermal storage | Zhou et al.
(2019)
Catechol and Dopamine Vanadium Flow Yu et al. (2018)
-NH; groups Battery
6. Fuels NiO and CoO | Metal Chloride Crude Oil Catalyst Abbasov et al.
catalysts (20164a, 2016b)
PANI Aniline Oxygen Reduction Liu et al.
Reaction Catalyst (2018)
—HSO3 CSPTMS, PhTES, | Biodiesel Silva et al.
groups MPTS (2015)

FeCl3-6H;O: Ferric Chloride Hexahydrate; FeSO4-7H,O: Ferrous Sulphate Heptahydrate; APTES:
3-aminopropyltriethoxysilane; Fe(acac)z: Ferric triacetylacetonate; AzZPTMS:
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-Fe;O4 nanocomposites
for the adsorption of Methyl 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-Fe3;O4 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-Fe;O4
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-Fe3;04 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 -Fe; O4 nanocomposites have been used in the removal of naphthol green
B as well (Riahi-Madvaar et al. 2017). In addition to this, HNT-Fe;0O4 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 pg/L and 0.050 pg/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



134 G. Pandey et al.

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 (Fe3O,4). This core@double shell structure showed a
high adsorption capacity by removing 714.23 mg/g of Methylene Blue (MB) from
aqueous solutions at 318.15 K. Such ahigh adsorption capacity was contributed by the
Fe;04 nanoparticles as well, which enhanced the surface area of the structure. These
nanoparticles also imparted magnetic 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 and HNT based hydrogel beads for the removal
of MB and Malachite 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 (TiO;). The chemical activation allowed the reduction of amorphous part of
HNT, and an upsurge in the amount of Halloysite and Kaolinite. This catalyst showed
a reaction rate constant of up to 0.431 % 0.003 for concentrations of aniline kept at
0.04 mg/cm?® (Szczepanik and Stomkiewicz 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(Il)) 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,
which was 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 NH,* ions, amine groups have been grafted
on HNT’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 12.18-46 mg/g. The wide range was 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 Fe;O4 nanoparticles
on its surface, followed by further deposition by MnO, 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 MnO, 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 alternate method 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 synthesized on the surface of HNT's with magnetic 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% t0 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. APTES had been used to attach the amine groups on HNTs 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-TiO, 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 pg/kg, 0.5 pg/kg and 0.3 ng/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 of RB (0.412 mg/g) (Bielskaetal. 2015). Similarly, magnetic HNT
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 -NH, 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 the membranes,
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, HNTs which
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 the membrane towards the gas (here, CO,) by showing an adsorp-
tion capacity of 6.1 cm?/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 the world. 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 guest molecules on the surface of HNT 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 (Ni3S,) 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, ) was 75.6%, while in case of electrothermal,
1 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 HNT with
guest molecules immobilized on it in such membranes can fulfil these factors. In a
study, PDA had been immobilized on HNT 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/cm?. 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 on HNT’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~! and a mass normalized activity of 0.08 mol.g~'h~! (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 guest molecules 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 m
Transport Materials for Perovskite Solar | @i
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 compound which was used
as the visible light sensitizer has the chemical form of CH;NH3;PbX3; 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 compete with the silicon-based solar cells which dominate the PV market, 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~* cm? V~! s71)
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Fig. 1 Structure of OCH; OCH;,3
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and poor conductivity (~107°) 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 Gritzel 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

HTM
TiO,/CH;NH,Pbl,

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 0-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 hole mobility properties, lower cost, and easier synthesis methods. 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. prepared HTM based on three molecules
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 V. of 1.05, J,. 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
Voe (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).



A Review on Contemporary Hole Transport Materials ... 151

o, % o, §,
g -Gw{f:f 5.9
apv-T apv-EC
FA-MeOPh  TPA-MeOPh ’

JU“O,O"‘OQO”‘O,U"DI - | Di-TP:q

~

Tetra-TPA
Tri-TPA O

b2 8 o
1011 e 0%0» 0 Oﬂl@ o
. 2 2 X

o
gevel  Sotogl el

H101 H102 H103

Fig. 5 Structures of organic hole transport layers

(a)2s . (b) 2

o |

o 20+ o 20

E [ &

L4 —e—Forward o —e—Forward

é 15 ——Reverse | E 154 —e—Reverse

E —e—Dark E —a—Dark

210 | 2 104

|

-E 5 | .§ 5

y -3 | €

g 0 __.“\ | g 0 - __._‘\
3 3

O s , ' . ) {9 r , .

0.0 0.2 04 0.6 0.8 1.0 1.2 0.0 0.2 04 0.6 08 1.0 1.2
Wavelength (nm) Voltage (V)
(c) (d)
25 100

o 20 80 -

E —e—Forward

E 154 —e—Reverse - 60

£ —o—Dark £ —e—Di-TPA

E 10 w —a—Tri-TPA

§ 8 40 —a— Tetra-TPA

- 5 20.

)

= \ 0-

(5]

-5 L T S - : v v ' -
0.0 0.2 04 0.6 0.8 1.0 1.2 300 400 500 600 700 800 900
Voltage (V) Wavelength (nm)

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 /
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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) with NMR spectroscopy, elemental analysis, and mass
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=XX4=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 V,.. 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 V. 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-
OMEeTPA (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 CH3NH;3Pbl; _ (Cl, I (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 P3BHT 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 P3BHT
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 T— 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 been widely used as an HTM 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 CH3;NH;3Pbl; perovskite film. The configuration of the PSC was
glass/indium titanium oxide ITO/PEDOT:PSS/CH;NH;Pbls/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 MAPDI; PSC with PEDOT:PSS as a HTM. A configuration of
ITO/PEDOT:PSS/MAPbI;/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 MAPbI; 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 CH3;NH;3Pbl; absorber cell. H,O, 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 CH3NH;3Pbl; absorber layer. This combined synergistic effect of H,O
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/TiO,/mpTiO,/CH3NH;Pbl;/HTM/Gold electrode (Heo et al. 2013). The PCE
of PTAA was reportedly the highest (9%) with highest J,. of 16.4 mA/cm?. This
could be attributed to PTAA’s higher hole mobility than other polymeric HTMs
which lead to better interaction with CH3;NH3Pblj;. 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 TiO; film. ¢ Illustra-
tion of device architecture. d Energy levels for TiO2, MAPbI3, and HTM. Reprinted with 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 Cul (Copper lodide)

Cul 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 (J,, =
17.8 mA/cm?, V,. = 0.55 V); this was comparable with results obtained with Spiro-
OMeTAD (J,. = 16.1 mA/cm?, V,. = 0.79 V, PCE = 7.9%). The lower efficiency
was attributed to the lower value of V,. using Cul. A gas—solid reaction method
was used for the deposition of Cul film on perovskite which yielded a very high
Jye of 32.72 mA/cm? 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 Cul. As observed in the previous study, this study also reported a lower
value of V,. (0.73 V) due to recombination effects at the Cul—perovskite interface.
This solid—gas reaction was further used by Yu and co-workers to use Cul as a hole
transport material. Yu et al. managed to achieve an efficiency of 14.7% with a J,.
of 20.9 mA/cm? and V,, of 1.04 V (Wang et al. 2017). A low-temperature solution
process method was adopted by Bian and co-workers to deposit Cul on perovskite
layer. This led to an efficiency of 16.8%, the highest reported so far for Cul-based
HTMs (Sunetal. 2016). It was observed by the authors that Cul had better air stability
than polymer-based HTM like PEDOT:PSS under similar conditions.

Recently, Cul has also been used in conjunction with PEDOT:PSS as a double
hole transport layer by Wang and co-workers (2018). The Cul 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 cm?> V~!S~!,
high conductivity (1072102 S cm™'), 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/TiO,/CH3NH3Pbs_Cl,/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 V. (0.727 V), which was attributed to low diffusion length.
Qin et al. used a doctor blading technique for depositing CuSCN. The device structure
had the configuration of FTO glass/ TiO,/ CH3NH;3Pbl3/CuSCN/Au (Qinetal. 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 CH3;NH;3Pbl; 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
HTM was 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 J. of 23.1 mA/cm?, V,. of 1.013 V, and FF
of 0.731. The lower V,. 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). The first high-performance PSC based on NiO as HTM
was based on an inverted planar configuration (NIONC/CH3;NH;Pbl;/PCBM/AI),
and it was fabricated using sol-gel process by Zhu et al. (2014). It was recommended
by the authors that the cells must 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 J, 16.27 mA/cm?, V,. = 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 J. and V. values obtained
were all higher than PEDOT:PSS and NiOx with no doping under similar conditions.
Owing to higher Eg levels, it shows higher V. 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 V. 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 J. of 23.82 mA/cm?.
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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™!
k~!), 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 J,. of
20.2 mA/cm?, V. 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, HOMO energy 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 Cul 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 L
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 are widely studied for their use in the medicinal
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 (Schroder 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
arecovery system for different metals, (Liang et al. 2011; Rikame et al. 2018; Song
etal. 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 to more 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 electrode material 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 better will 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
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(artificial (Tharali et al. 2016) or natural (Bosire et al. 2016; Cao et al. 2019; Huang
et al. 2018)).

The growth of microbial 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
etal. 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).

Mostly metal 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

The metal 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
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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 the microorganism, S. oneidensis MR-1 is used as reducing bacteria which can
synthesis the nanoparticles of palladium Pd by reducing Pd >* to Pd° 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 achieved with 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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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 Hiickel-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, ap) dimensional (wave) amplitude of the left and right walls
(a, b) dimensionless amplitude of the left and right walls
(Bhy, Bhy) heat transfer Biot numbers at left and right walls
Br local nanoparticle Grashof number

c wave speed

el volumetric volume expansion coefficient

C nanoparticle concentration,

Co, Cy nanoparticle concentration at the left and right walls, respectively
Dpg Brownian diffusion coefficient and

Dy themophoretic diffusion coefficient

d dimensionless width of the channel

d/dt material time derivative,

(d + dy) dimensional width of the left and right walls

e fundamental charge

E, applied electrical field

F dimensionless mean flows

f body force

Gr local temperature Grashof number

H,, H, left and right wall boundaries of the micro-asymmetric channel
I identity tensor

kg Boltzmann constant

K mean absorption coefficient

Nt thermophoresis parameter

Nb Brownian motion parameter

no bulk concentration (number density)

Pr Prandtl number

(p, P) pressures in wave and fixed frame of references
Qo heat source/sink parameter

0 dimensional volume flow rate in laboratory frame
R Reynolds number

Rn thermal radiation

S extra stress tensor

sV upper-convected derivative

t dimensional time

Ty, T temperature at the left and right walls, respectively
T nanoparticle temperature,

T, absolute temperature

Tn fluid mean temperature

o, 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

and

STAPMH®SADZ/IRD A O LT I3 S

phase difference

thermal conductivity

Cauchy stress tensor

dynamic viscosity

relaxation times

electric potential

dielectric permittivity of the medium
Debye length

density of the nanofluid
acceleration due to gravity
thermal expansion coefficient
density of the nanoparticle
Stefan—Boltzmann constant
wave number

Joule heating parameter
pseuoplastic fluid parameter
dimensionless time average flux

dimensionless rescaled nanoparticle volume fraction

dimensionless temperature
stream function
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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

Nanofluid mechanics is one of the modern mechanics of the energy systems where 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 (Al,O,),
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carbides (SiC), nitrides (SiN), or nonmetals (graphite, carbon nanotubes, nanofibers,
nanosheets, droplets). The resulting suspension achieves improved thermal conduc-
tivity and modified 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 CO, 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 fluids with low
energy loss and without any contamination. This mechanism was 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
Brownian motion effects is developed by Ghasemi (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
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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 by Das and Chakraborty (2006) in the presence of capillary motion through
rectangular microchannel. Recently, some mathematical models (Bandyopadhyay
and Chakraborty 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-osmotic mechanism with 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—Hiickel 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 a microfluidic channel with thickness (d; + d,) is considered. The movement
is caused by the flow of the sinusoidal peristaltic motion with constant speed ¢ 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 the driving force for the electro-osmotic motion. The geometry of the problem
is sketched in Fig. 1. The geometry of the wall surface is represented by the following
equation:

(1a)

—ct
Hy(x,t) =dr +ar COSZ<%> ,

Hi(x.1) = —d) —ay cosz(w + ¢>. (1b)

In the above expression d; + d», ay, as, t, ¢ 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, and magnetic
force function for an incompressible pseudoplastic nanofluid are given as follows:

V-V=0, @)
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dv .
:OE =divY + f + pEx, 3)
. dT 5 , Dy
(cp)fﬁ =a, VT + (¢'p),| DpVC - VT + —VT -VT | = Vg,, (4
dc Dr
— = DpV?C + —VT, 5
a7 B + T @)

in which V is the velocity vector, d / dt represents the material time derivative, f is
the body force, ¢’ is the volumetric volume expansion coefficient, E, is the applied
electrical field, «,, is the thermal conductivity, p,, is the density of the nanoparticle, p
is the pressure, 7, is the fluid mean temperature, T is the nanoparticle temperature,
C is the nanoparticle concentration, Dg is the Brownian diffusion coefficient and
Dy is the themophoretic diffusion coefficient.

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

Y =—-pl+S, (6)
1

S+MSV+§(/\1 — 1) (A1S 4+ SA)) = nAy, N
ds

SV=-=_SLT-LS, 8

7 (®)

L = gradV, ©)]

pe = —e V?D (10)

inwhich p, I, S, SV, u, A1, u1,®, €, 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

P
Le = —2npez sinh(keZ ) (11)

BTn

where ny, e, z, kg, and T,, represent the bulk concentration (number density), elemen-
tary charge valence, valence of ions, Boltzmann constant, and absolute temperature.
Using Debye—Hiickel linearization, the Poisson—Boltzmann equation can reduce to

V2P = k2D, (12)
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where k = dyez,/ 7 2
the Debye length; thls 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=[ulx,y,t), vix,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, PX,Y)=px,y,t), U=u—candV = v. (14)

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

aU N v
aXx Yy
U 1% P aS 98
pf( ) + XX+ XY

5)

X 0X Y
+ (1 = Co)psgB(T — To) — (pp — pr)8(C — Cp), (16)

+V—=

EEX
ax T oy te

v v P dS EN
< ) — XY Yl/7 (17)

Ue 4 Ve | = ——— 4 2L Y
ax Ay Y | ax | oy

2T 9T 9 9C T 9C aT
5 2] 2

mlax2 ' 9y? Y 39X X = Y aY
(oc),Dr [ raT\* (0T
+T (37) +(3Y) +Q0(T TO) (18)
pC L yOC _p [C  9C)  Dr[o°T &7 (19)
39X aY Blox2 " av2 | T, |ax2 " ayz |
in which
oU 0Sxx 0Sxx oU oU
2u— =39S MU 1% —-2— —-2—3S
rax xx + 1[ 8X + 3% ax OXX 9y XY]
+1(k )4S aU—i—2S 8U+8V
3 1 — M1 XXB XY 3y X s
) A% Syy 4 A UE)SYY 0Syy 28VS ZBVS
—_— v j— —_— — —_—
Fay =27 MY %x AT 2 Gt
+1(A )_4S 8V+2S 8U+8V
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[a—UJraV}_S A [UBSXY+V8SXY CAAP }
Y | 9X XA T X ay | ax XX Ty
. 1(/\ AU 9V
5= Ml)[(Sxx + SYY)( 8X>j|

where U and V are velocity components along X- and Y -directions, respectively, o s
is the density of the nanofluid, P is the pressure of the nanofluid, g is acceleration
due to gravity, B; is the thermal expansion coefficient and Qy 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 g, is given as follows:

. 40’ 9T*
4= "3 By

(20)
where ¢’ 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# in a Taylor series about a free stream tem-
perature T and neglecting higher order terms in the first order in (T — Tj), we
obtain

160/TO3 oT
4= — oL 1)
3k'  9Y
4.3 Nondimensional Analysis
The dimensionless variables are introduced as
2
_ X _ Y _ U_ V Hi Hy _ d5P T-T,
X=—,y=—,i=—,0 7h1:—h2:—p:2—, = S(: %—k%)
A dy c c dy H CAlL T1 — Ty
d Dod?
o = &a=ﬂ’b=ﬂ’d=di’5=dj’1¢:pfcz’ _ Qod; ’
C1-Co dy dy dy A H (T — To)ucp
(1 = Co)p%gbrd3 (Ty — Tp) - d3(C) - ¢ pc’ )
Gr— 780 o 1 Pp)Pfgzz(l (O
iz I m &
160" T (pc’) s DB(Cy = Co) (pc’) , D (Ty = Tp) Exef
Rn = >, Nb = ,Nt = JUhs = ——2=. (22)
3k’ucf oam Tnam ne

_ The continuity Eq. (15) is identically satisfied by using the stream function u =
% v= —8% (dropping the bars) and then Egs. (15-19) yield:
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oy Py ay oty dp | 0S| 98y ‘(2az¢ 32@)
R‘S[@axay d—xa—yZ]_ a—x—i-é o + 3y + Uhs SW-FW + Grf + Bro,
(23)
2 P 2 a2 ‘
e P vty ay o] op 508y Sy
ks [azax + dy ax2  dx 8y8x:| Ty R PR ay (24
oy 060  dyr 96 1 9%0  9%0 9%0
Rs| W00 OVOOT L 1p00 000 g, 00
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30\*> [86°
+Ne|8*(— ) + (=) |+80. (25)
ax ay
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dy dx  dx dy axz  9y? Nb| 09x%  0y?
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0xdy

26

Y 08 9P dSy 07 92
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92y
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25 oY a8y, Y 38y, 3%y 3%y i|
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0? 02 oY 05y oY 0Syy 02 02
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+2( 1 Ml)( + y})(8y2 3)(?2) (29)

where §, R, Uhs, Gr, Br, Pr, Rn, Nt, Nb, B, and £ 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 § and higher, Egs. (23-29) become

ap oS, 92d
P _ P unsSZ 4 Gro + Bro, (30)
ox dy dy?
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d
P o, 31)
dy
N LY KL 2+,39 0 32)
— nl|l—— - - =0,
Pr 9y? dy dy dy
92 Nt 3%0
27 25T o, (33)
dy?  Nbdy?
in which
%y %y
Spx = (A1 + Ml)a_yzsxy’ Syy = (—A1+ Ml)a_yzsxy’
-1
2y 2y \’
Sy =22 (1 v , 34
: W( +e(5F) (34
Employing Egs. (30) and (34), we have
op S NEEAN 1o
W 0V (VN L 0ns®2 4 Gro + Bro, (35)
ax  9y3 ay | \ 9y? dy?

Equations (35) and (31) yield,
94 2 [ 2y’ P 26 9
AN ) R A P LAY E
ay* ay2| \ ay? ay3 dy dy
Employing Debye—Hiickel linearization the nondimensional Poisson-Boltzmann
equation can also be deduced in Eq. (13) as follows:

— =k’. (37)

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

Hy(X,t)
0(X, 1) = / U(X,Y,0)dY. (38)

Hi(X,1)
The above expression in wave frame becomes,

ha(x)
F(x) = / u(x, y)dy. (39
hy(x)
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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—candV =v. (40)
From Egs. (38—40), we get

OQ=F+hy—h. 40D
1
The time-averaged flow rate (& = f Q(X, t)dt) can be expressed as follows:
0

a+b
O=F+1+d+ — ) (42)

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

F 9 96

w:z,a—f:—l,@thz(l—Q),a:land(D:laty:hz, (43a)
F oy 36

v=— Y 1 _Bh6 o =0add=0aty=h,.  (43b)
2 Jy ay

where Bh and Bh; 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 £ = 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—Hiickel parameter (x), 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 k (Debye—Hiickel 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 of Helmholtz—Smoluchowski velocity (i.e., maximum electro-osmotic
velocity) on dimensionless velocity function is manifested in Fig. 3. The behavior
of the axial velocity function is similar or that of Debye—Hiickel 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

15

y

Fig. 2 Effect of « on velocity witha = 0.3, b =05,d =1, ¢ = n/3, ® = 2, £ = 0.01,
Uhs =1,Gr=2,Br =2, Pr=0.7, Nb=02, Nt =02, Rn =1, Bhy = 0.4, Bh, =2, and
B=02
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Fig. 3 Effect of Uhs on velocity witha = 0.3, b =0.5,d = 1, ¢ = /3, ©® = 2, £ = 0.01,
k=1, Gr=2 Br=2 Pr=07 Nb=02 Nt =02, Rn =1, Bh, =04, Bhy =2, and

=02
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Fig. 4 Effectof Gronvelocitya =03,b=05,d=1,¢=7/3,0 =2, =001, Uhs =1,

k=1, Br=2,Pr=07 Nb=02,Nt =02,Rn =1, Bh1 =04, Bhp =2,and 8 =0.2

the impact of both thermal and nanoparticle Grashof numbers have alike behavior

throughout the microchannel.



200 J. Prakash et al.

1.5

0.5

y

Fig. 5 Effect of Br on velocity witha = 0.3, b =05,d =1,¢ =n/3, ® =2, & = 0.01,
Uhs =1,k =1,Gr =2, Pr=0.7, Nb =02, Nt =0.2, Rn = 1, Bhy = 0.4, Bhp, = 2, and
B=02

5.2 Electrothermal Characteristics

To examine the electrothermal characteristics under the influences of the thermal
radiation parameter (Rn), Prandtl number (Pr), heat source parameter (8), Brow-
nian motion parameter (Nb), thermophoresis parameter (N¢) and Biot numbers
(Bhy, Bh;) 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
B(B =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 B give more energy as
compared to the lower intensity heat source.

Figures 9 and 10 indicate that the nanofluid temperature 6 grows for higher Nb
and N¢t. Thermophoresis and Brownian motion 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 witha =03, 5 =0.5,d =1, ¢ =7/3, ® =2, & = 0.01,
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Fig. 7 Effect of Pr on temperature witha = 0.3, 6 =05, d =1,¢ =7/3, ® =2, & = 0.01,
Uhs =1,k =1,Gr =2, Br =2, Nb =0.2, Nt =0.2, Rn = 1, Bhy = 0.4, Bhy = 2, and
=02
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Fig. 10 Effect of Nt on temperature witha = 0.3, 6 =05, d =1, ¢ =7n/3, ® =2, £ = 0.01,
Uhs =1,k =1,Gr =2,Br =2, Pr =07, Nb =02, Rn = 1, Bhy = 0.4, Bhp, = 2, and
B=02

14 T T : .
—
1/ —amw
-------- m‘.-— e
09+ -',ﬂ" ",- ‘-.— 4
‘," _-" ‘a'”
“d’ ".," "0
08 o al™
- - -
L e® ——Bh, =0.1
-
0.7F '¢’ ,"‘ ---Bh1=0.2 E
-
L T = ==Bh =03
-
0.6 ‘,a = = =Bh =04
0.5 : : 3 ;
-1 0.5 0 0.5 1
y

Fig. 11 Effect of Bh on temperature witha = 03,6 =05,d=1,¢ =7/3,® =2,& =0.01,
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Figures 11 and 12 show the response of temperature Biot numbers Bh; and Bh;
on dimensionless nanofluid temperature. It is revealed that the temperature field
strongly depends on the Biot numbers Bh; and Bh,.

5.3 Nanoparticle Concentration in Presence
of Electroosmosis

The evolution in dimensionless nanoparticle concentration function o 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 (k, Uhs, Gr, Br, &) 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. 15 Streamlines for xk — O witha = 03,5 =05,d =1, ¢ = n/3, ® =2, & = 0.01,
Uhs =1,Gr=2,Br=2, Pr=0.7, Nb =02, Nt =0.2, Rn =1, Bhy = 0.4, Bh, =2, and
=02

Fig. 16 Streamlines for k = 1 witha = 0.3, b =0.5,d =1, ¢ = /3, ® =2, & = 0.01,
Uhs =1,Gr=2,Br =2, Pr=0.7, Nb=02, Nt =02, Rn =1, Bhy = 0.4, Bhp, =2, and
B=02
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Fig. 17 Streamlines for Uhs = —1 witha = 0.3, b =05,d=1,¢ =7/3, ® =2, £ = 0.01,
k=1,Gr=2,Br =2, Pr=0.7, Nb =02, Nt =02, Rn =1, Bhy = 0.4, Bhp =2, and
=02

y

Fig. 18 Streamlines for Uhs = 1 witha =03, b =05,d =1, ¢ =n/3, ® =2, & = 0.01,
k=1, Gr=2 Br=2 Pr=07, Nb=02, Nt =02, Rn =1, Bhy =04, Bhp, =2, and
B=02
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¥

Fig. 19 Streamlines for Gr = O witha = 0.3, b =0.5,d =1, ¢ = /3, ® =2, £ = 0.01,
Uhs =1,k =1,Br=2, Pr=0.7, Nb =02, Nt =0.2, Rn =1, Bh;y = 0.4, Bh, = 2, and
=02

Fig. 20 Streamlines for Gr = 2.0 witha = 0.3, b =05,d =1, ¢ =n/3, ® =2, & = 0.01,
Uhs =1,k =1,Br =2, Pr=07,Nb =02, Nt =02, Rn =1, Bhy = 0.4, Bhp = 2, and
B=02
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Fig. 21 Streamlines for Br = O witha =03, 56 =05, d =1,¢ =n/3, ® =2, & = 0.01,
Uhs =1,k =1,Gr =2, Pr =07, Nb =02, Nt =02, Rn =1, Bhy = 0.4, Bhp, =2, and

=02

¥

Fig. 22 Streamlines for Br = 2.0 witha = 03,0 =0.5,d =1, ¢ =n/3, ® =2, & = 0.01,
Uhs =1,k =1,Gr=2, Pr=0.7, Nb =02, Nt =02, Rn =1, Bhy = 0.4, Bhp, = 2, and

=02
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Fig. 23 Streamlines for§ = 0witha =03,6=05,d=1,¢=7/3,0 =2, Uhs =1,k =1,
Gr=2,Br=2,Pr=0.7,Nb=02,Nt =02, Rn =1, Bhy =04, Bhi, =2,and 8 =0.2

y

Fig. 24 Streamlines for & = 0.01 witha = 03,56 =05,d =1, ¢ =n/3, ® =2, Uhs = 1,
k=1, Gr=2,Br =2, Pr=0.7, Nb =02, Nt =02, Rn =1, Bhy = 0.4, Bhp =2, and
=02
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the streamline distribution to the influence of enhance Debye—Hiickel parameter («)
from x — 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—
Hiickel parameter and there is progress in trapping bolus with enhancement in the
value of k. It is inspected that a boost in Debye—Hiickel 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. Itis explored that the size and shape of the streamlines are enhanced to magnify
in Gr. 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 (& varies from 0 to 0.01) on the streamline function along the channel. It is
observed that the size of closed streamlines reduced with 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—Hiickel parameter (inverse of EDL thickness/Debye
length) and pseudoplastic parameter. The outcomes demonstrate a promising use of
this model 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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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 CO, emission. To mitigate the CO, 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 semiconducting materials such as n-type, p-type, chalcogenide, and
nitrides are being used for conversion to generate hydrogen energy (Alfaifi etal. 2018;
Li and Wu 2015). Different metal nanoparticles such as ZnO, CuO, TiO,, 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, and polymer nanocomposites have been
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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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
nano dimensions. In contrast, bottom-up method, the nanoparticles are synthesized by

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 Hy 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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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 through nucleation and growth process either
via chemical or biological routes. The different methods for synthesis of nanoparticles
are depicted in Fig. 1. The different synthesis methods for nanoparticles are well

documented in the literature.

Nano Material Synthesis Methods

| Top-Down Method |/ \| Bottom-Up Method |

| Physical Methods |

N

Mechanical Method —
Attrition Ball Milling
Physical Vapour
Deposition
Lithography
Pyrolysis — Thermal
Evaporation

Fig. 1 Nanoparticles synthesis methods

| Chemical Methods | | Biological Methods |
1. Sol-Gel Using Plant Extracts
2. Chemical Vapour Using Enzymes

Deposition Using Agricultural

3. Co-Precipitation Wastes
4. Micro Emulsions Using Algae,
5. Hydrothermal Bacterial, Fungus,
6. Sonochemical Yeasts
7. Microwave &Actinomycetes
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4 Synthesis and Characterizations of Reduced
Graphene-SnQO,-Polyaniline Nanocomposites Using
Sonochemical Approach for Supercapacitor

4.1 Sonochemical Synthesis of Reduced
Graphene-SnQ;-Polyaniline Composite

Using modified 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-SnO,-polyaniline. At first, the dispersion of GO in distilled water (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 SnCl,.5H,0 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-SnO,-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 H,SO; electrolyte solu-
tion. Also, the Reduced graphene-SnO,-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-SnO;-polyaniline
composite

Transducer

Ultrasound generator

Ultrasound
Probe
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2 g Graphene oxide

Ve
| 250 ml Distilled water |

Sonication (30 min)
. 3gSnCL5H0
| Ultrasound reactor |
Sonication (1 hr)
L 1 mlAniine

2 g APS 4

& [ Black GS Solution |
Sonication (15 min)

Dropwise addition

[10 ml Distilled wateri

[ Ultrasound reactor ]

Sonication (1 hr)

[ Beaker placed in Icebath |

| Filtration and washing I

L
| Dryingat 60°C, 6 hrs |

RGO-SnO2-PANI composite

Fig. 3 Procedural flow of the synthesis of Reduced graphene-SnO,-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-SnO,-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 2e peaks at 26.73°, 34.57°, 51.90°, and
64.69° which associated with (110), (101), (211), and (301) planes of the SnO,, which
are consistent with the standard JCPDS values (JCPDS No. 41-1445). The Structural-
parameters of as-synthesized Reduced graphene-SnO,-polyaniline nanocomposite
shown in Table 2. The crystallite size of the Reduced graphene-SnO,-polyaniline
composite evaluated using Scherrer Formula (Rajesh Kumar et al. 2018a).

0.94x

=" 1
P By cosb W
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Fig. 4 X-ray diffraction pattern of Reduced graphene-SnO;-polyaniline

Table 2 Structural parameters of synthesized Reduced graphene-SnO;-polyaniline nanocomposite

S. no 20 (Degree) (hkD d-Spacing (A9) 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, § = Full width at half maximum of peaks (Line
broadening), 6 = Bragg reflection angle, » = X-ray wavelength.

The morphological study of the Reduced graphene-SnO;-polyaniline nanocom-
posite was carried out using transmission electron microscopy (TEM) analysis. The
resulted TEM images of reduced graphene-SnO;-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 prepared materials for supercapacitors were
evaluated by different electrochemical analyses. The CV measurements of reduced
graphene-SnO,-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):



222 P. Narsimha et al.

Fig. 5 Morphology of synthesized Reduced graphene-SnO;-polyaniline composite a 50 nm and
b 10 nm by ultrasound-assisted method
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Fig. 6 CV curves for reduced graphene-SnO,-polyaniline composite at different scan rates (5, 10,
20, 40, 80, and 160 mV/s)

[idv

s = 2VSm—AV(F/g) )

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) AV = 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):

I x At
Ci=—— 3

m x AV

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

To find the conductivity of the Reduced graphene-SnO;-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-SnO;-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

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

internal pore diffusion, while linear line at low-frequency region indicates the fab-
ricated Reduced graphene-SnO;-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 conductive material along with the carbon in order to make more 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
Jor 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 30 minutes.
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 K,PtClg—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/cm? 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 Ptg3-Co,7/C has
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Fig. 9 TEM image of
sonochemically synthesized
platinum—cobalt/C-PANI
nanoparticles

Fig. 10 Cyclic voltammetry 80
(CV) of
Platinum—cobalt/C-PANI
cathode in a 0.5 M H>SOq4
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 Ptg3-Co;7/C measured against NHE in the Hp—N, 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 (m%/g) 7.88 8.7 5.98

OCP (V) 1 0.9 0.91

Power density (W/ecm?2) 0.32 0.27 0.36

Fig. 12 Power density Vs 1 40
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]
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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
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achieved at 0.37 V and identified as 36.4 mW/cm? whereas the highest current den-
sity was achieved at 0.29 V and identified as 120.8 mA/cm?. 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-SnO;-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 H,—O, 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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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-Manjén 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 which makes 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 other materials or to imbue them with new ones. Their main merit 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 CO, cap-
ture and have been an interesting area of research (Roth et al. 2013). In oil recovery,
techniques such as CO, flooding using CO, foam have also been observed to pro-
vide better results with the addition of nanoparticles and improved sequestration of
CO; (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 occurring mixture 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 oil which sits at the bottom of 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° AP 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).

The methods mentioned above are used, some more 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
comparison with 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

Injection well Heat at the Production well
front lowers

viscosity and F

pushes the oil ——

Fig. 2 An illustration of steam flooding
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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
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Fig. 4 Viscosity versus temperature of crude oils of various API gravities. Reprinted with
permission from Ramirez-Gonzalez (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 (Ramirez-Gonzélez 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 they work
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. A more
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
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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 p