




HANDBOOK OF CHEMICAL AND 
BIOCHEMICAL TECHNOLOGIES





HANDBOOK OF CHEMICAL AND 
BIOCHEMICAL TECHNOLOGIES

Edited by

Jurex Cuenca Gallo

www.arclerpress.com

ARCLER
P r e s s



Handbook of Chemical and Biochemical Technologies

Jurex Cuenca Gallo

Arcler Press
2010 Winston Park Drive,

2nd Floor 

Oakville, ON L6H 5R7 

Canada
www.arclerpress.com

Tel:  001-289-291-7705
        001-905-616-2116
Fax: 001-289-291-7601
Email: orders@arclereducation.com

e-book Edition 2019
ISBN: 978-1-77361-611-7 (e-book)

This book contains information obtained from highly regarded resources. Reprinted material 
sources are indicated and copyright remains with the original owners. Copyright for images and 
other graphics remains with the original owners as indicated. A Wide variety of references are 
listed. Reasonable efforts have been made to publish reliable data. Authors or Editors or Publish-
ers are not responsible for the accuracy of the information in the published chapters or conse-
quences of their use. The publisher assumes no responsibility for any damage or grievance to the 
persons or property arising out of the use of any materials, instructions, methods or thoughts in 
the book. The authors or editors and the publisher have attempted to trace the copyright holders 
of all material reproduced in this publication and apologize to copyright holders if permission has 
not been obtained. If any copyright holder has not been acknowledged, please write to us so we 
may rectify.

Notice: Registered trademark of products or corporate names are used only for explanation and 
identification without intent of infringement.

Arcler Press publishes wide variety of books and eBooks. For more information about  
Arcler Press and its products, visit our website at www.arclerpress.com 

© 2019 Arcler Press

ISBN: 978-1-77361-466-3 (Hardcover)



Dr. Jurex Gallo was conferred with his PhD degree in Chemical Engineering from De 
La Salle University – Manila in 2014. His expertise revolved in the fields of Material 
Science and Environmental Engineering focused on industrial and hazardous waste 
treatment and management.  Presently, Dr. Gallo is affiliated as Senior Science Research 
Specialist of the Department of Science and Technology  e-Asia Joint Research Program 
in the Philippines on developing functional carbon-based nanomaterials such as carbon 
nanotubes and graphene for energy and environmental applications.   

ABOUT THE EDITOR





	 List of Figures.................................................................................................xi

	 List of Tables................................................................................................xvii

	 Preface..................................................................................................... ....xix

Chapter 1	 Sustainable Chemical and Biochemical Technologies................................ 1

1.1 Introduction.......................................................................................... 2

1.2 Chemical Technologies in Development............................................... 4

1.3 Primary Resources and Feed................................................................. 6

1.4 Feedstock.............................................................................................. 7

1.5 Technological Processes...................................................................... 11

1.6 Biotechnology.................................................................................... 13

1.7 Chemical Nanotechnology................................................................. 14

1.8 Chemistry and Environment................................................................ 14

1.9 Sustainability Concepts....................................................................... 16

1.10 Recent Developments in Green Technology...................................... 16

1.11 Use of Alternative Chemicals in Chemical and Research Industry..... 18

1.12 Novel Fabrication Technologies for the Synthesis 
of Chemical Compounds................................................................. 20

1.13 Modern Trends.................................................................................. 21

References................................................................................................ 22

Chapter 2	 Microbial and Biochemical Technology................................................... 31

2.1 Introduction........................................................................................ 32

2.2 Polyhydroxyalkanoates....................................................................... 34

2.3 Triacylglycerols................................................................................... 45

2.4 Outlooks of Bacterial Tag for Biofuels................................................. 57

References................................................................................................ 60

TABLE OF CONTENTS



viii

Chapter 3	 Industrial Applications of Green Chemical Technologies......................... 73

3.1 Introduction........................................................................................ 74

3.2 History................................................................................................ 74

3.3 Environmental Impacts....................................................................... 75

3.4 Green Chemistry Applications............................................................ 77

3.5 Greener Pharmaceuticals.................................................................... 78

3.6 Green Solvents................................................................................... 79

3.7 Biobased Transformations and Materials............................................. 83

3.8 Alternative Energy Science.................................................................. 86

3.9 Molecular Self-Assembly.................................................................... 92

3.10 Next-Generation Catalyst Design...................................................... 94

3.11 Molecular Design For Reduced Hazard............................................ 95

References................................................................................................ 98

Chapter 4	 Chemical Synthesis Routes and Characterization of  
Gallium Oxide-Based Nanostructures.................................................... 107

4.1 Introduction...................................................................................... 108

4.2 Significance of Soft Chemistry Route................................................. 109

4.3 Experimental Methods...................................................................... 112

4.4 Characterization of Gallium Oxide................................................... 114

References.............................................................................................. 127

Chapter 5	 Chemical Routes in the Preparation of Nanomaterials Via  
Sol-Gel Process...................................................................................... 135

5.1 Introduction...................................................................................... 136

5.2 Nanoporous Oxide Gels................................................................... 137

5.3 Nano Organic–Inorganic Hybrid Materials (Polymers, 
Proteins, and Dyes) in Gels........................................................... 140

5.4 Benefits and Applications of Hybrid Nanomaterials.......................... 143

5.5 Nanocrystallites Acquired Via Controlled Crystallization of Gel........ 145

5.6 Semiconducting Nanoparticles......................................................... 149

5.7 Metallic Nanoparticles...................................................................... 150

5.8 Colloidal Oxide Particles.................................................................. 152

References.............................................................................................. 155



ix

Chapter 6	 The Role of Chemical Synthesis in the  
Sustainability of Organic Dye-Sensitized Solar Cells.............................. 163

6.1 Introduction...................................................................................... 164

6.2 Solar Cell Synthesis and Environmental Aspects................................ 169

6.3 ACS Sustainable Chemistry and Engineering..................................... 172

6.4 Comparison of Different Synthesis Approaches................................. 174

6.5 Device Stability and Photovoltaic Properties..................................... 176

References.............................................................................................. 180

Chapter 7	 Modern Applications of Chemical Looping Processes and  
Technologies.......................................................................................... 189

7.1 Introduction...................................................................................... 190

7.2 Hydrogen Storage and Onboard Hydrogen Production..................... 191

7.3 Chemical Looping Gasification Integrated With Fuel Cells................ 200

References.............................................................................................. 205

Chapter 8	 Next-Generation Sequencing Chemical Technologies And 
Applications........................................................................................... 213

8.1 Introduction...................................................................................... 214

8.2 Chemistry of Materials...................................................................... 215

8.3 General Workflow of NGS................................................................ 216

8.4 Evolution of Sequencing Chemical Technology................................. 218

8.5 Common Problems With NGS Data.................................................. 224

8.6 Applications..................................................................................... 224

8.7 Limitations of NGS In Clinical Practice............................................. 228

8.8 Current Trends.................................................................................. 229

References.............................................................................................. 230

	 Index...................................................................................................... 239





xi

LIST OF FIGURES

Figure. 1. Benefits of green chemistry and its applications

Figure. 2. Alkenes versus alkane’s alternatives

Figure. 3. Production and R&D or methane derivatives
Figure. 4. Production and R&D of synthesis gas derivatives, that is, F-T—
Fischer–Tropsch synthesis.

Figure. 5. Production and R&D of methanol derivatives. (a) Methyl tetrabutyl 
ether—MTBE; tetra-amyl methyl ether—TAME; dimethyl terephthalate—
DMT; methyl methacrylate—MM; methanol-to-gasoline (MTG) synthesis.
Figure. 6. Portable liquid fuels obtained from natural gas (GTL, gas-to-liquids). 
liquefied natural gas (LNG); Fischer–Tropsch (F-T) synthesis; dimethyl ether 
(DME); mild hydrocracking (HC); methanol-to-gasoline (MTG) synthesis; 
methanol-to-propylene (MTP) synthesis; methyl tetrabutyl ether (MTBE); fatty 
acid methyl esters (FAME); oligomerization (oligom.); hydrogenation (hydrog.)
Figure. 7. Future trends in chemistry and its impact on environmental 
sustainability

Figure. 8. Green chemistry is genuinely sustainable
Figure. 9. Applications of microbial and biochemical substances in consumable 
products

Figure. 10. Schematic illustration of the nitrate production in plants by 
prokaryotes

Figure. 11. A schematic development of microbial PHA paths. Two molecules 
of acetyl-CoA are connected via β-ketothiolase for SCL-PHA. (1) To form 
acetoacetyl-CoA, which becomes concentrated by reductase of acetoacetyl-
CoA. (2) To form 3-hydroxybutyryl-CoA (3HB-CoA). Enzyme PHA synthase 
is utilized for 3HB-CoA polymerization. (3) For the manufacturing of PHB 
(i.e., black dashed box). Acetyl-CoA for PHB biosynthesis can be produced 
using the fatty acid β-oxidation cycles (enzymes 4–7). Substrates for MCL-
PHA synthesis can also be acquired from β-oxidation, using an (R)-specific 
enoyl-CoA hydratase. (8) The polymerization of hydroxyacyl-CoA molecules 
of medium chain length is facilitated by PHA synthase. (3) For the fabrication 
of MCL-PHA (gray box). These monomers of medium chain length can also be 



xii

synthesized through biosynthesis of fatty acid. Enzyme designations: 2-enoyl-
CoA hydratase (5), fatty acyl-CoA dehydrogenase (4), β-ketothiolase (7), and 
3-hydroxyacyl-CoA dehydrogenase (6).

Figure. 12. Applications of PHA in manufacturing of various composite 
materials

Figure. 13. Production of biodiesel from triglyceride and alcohol
Figure. 14. The growth of R. opacus PD630 from high concentrations of 
glucose concentrations in flask cultures. The concentrations of glucose tested in 
defined media containing 1.4 g l−1

Figure. 15. The effects of (NH
4
)

2
SO

4
 and glucose concentrations on pH of the 

culture. (a) Representation of fatty acid content, (b) representation of CDW, and 
(c) representation of fatty acid creation (d) by R. opacus PD630 in flask culture
Figure. 16. The response surface curve showing the varying concentrations of 
(NH

4
)

2
SO

4
 and glucose on fatty acid synthesis by R. opacus PD630

Figure. 17. Saccharification of corn silage with industrial enzymes; the 
adjustment of homogenized feedstock (i.e., 67 g l−1 of dried material stuff) was 
carried out adjusted to the pH value of 5.0. The addition of Novozymes (0.5 ml 
Celluclast sand 2 ml Viscozyme L) into the suspension of 100 ml was carried 
out followed by the hydrolysis at 200 rpm at 45°C. The error bars show the 
standard deviations of the three (3) independent replicates.

Figure. 18. Production and growth of lipids from R. opacus PD630 with 
different saccharified corn silage in flasks. The inoculation of the strain in the 
saccharified solution was around 100 (▲), 75 (□), and 50% (○). The solutions 
along with a defined media (x) comprising of 1 g l−1 (NH

4
)

2
SO

4
 and 18 g l−1 

glucose at an initial OD 660 of about 0.3. A diluted saccharified stock, having 
a dilution ratio of 3:1 with the addition of water, is categorized as 75%, while 
a diluted saccharified stock, having a dilution ratio of 1:1 with the addition of 
water, is categorized as 50%. The error bars show the standard deviations of the 
three (3) independent replicates.

Figure. 19. Effect of glucose addition on the production of lipid by R. opacus 
PD630 developed from the saccharified corn silage in flasks. The inoculation of 
the strain in the saccharified solution was around 75% solution appended with 
30 (▲), 20 (□), or 10 g l−1 glucose at an initial OD 660 of about 0.3 without 
a medium (x). The error bars show the standard deviations of the three (3) 
independent replicates.

Figure. 20. Fluorescent image of stained cells of R. opacus PD630 tainted with 
the lipophilic fluorophore, that is, Nile Red. Cells were produced in a nominal 



xiii

medium inclosing a solution of saccharified corn silage for 120 hours in a flask 
culture.

Figure. 21. Detailed graphical representation of different wastes in 10 years 
from 2004 to 2013

Figure. 22. List of solvents and their applications in various industrial sectors

Figure. 23. Reverse-phase HPLC-UV investigation of various pharmaceutical 
and dietary compounds using traditional HPLC instrumentation with various 
spirit alcohol-based phases

Figure. 24. Synthesis of γ-caprolactone, sorbic acid, and hexenoic acid from 
acetylene and triacetic acid lactone

Figure. 25. Thermal stability behavior of amine–borane based hydrogen storage

Figure. 26. Characteristics of different generations of batteries

Figure. 27. A typical crystal structure of gallium oxide crystal lattice

Figure. 28. Schematic illustration of 1D nanostructure synthesis via various 
chemical routes using different solvents

Figure. 29. XRD patterns of the specimens prepared through procedure 1 prior 
and postcalcination

Figure. 30. XRD patterns of specimens synthesized by PEO through procedure 
2

Figure. 31. Morphological characteristics of specimens synthesized by procedure 
1: (A) Transmission electron microscopic image of P1-PEO specimen. (B) 
Scanning electron microscopic (SEM) image of P1-PEO specimen. (C) SEM 
micrograph of precipitate samples with 2 hours of aging. (D) Specimen during 
constant shaking and stirring. (E) SEM micrograph of a precipitate specimen 
taken after the reaction and before aging process. (F) SEM image of the GaOOH 
crystal section at the end. [The scale bar in parts F and A is 500 nm, part B 5 µm, 
and parts C, D, and E 2 µm].
Figure. 32. SEM micrographs of specimens. (A) Synthesized without the use of 
surfactant. (B) Synthesized with PEO and (C) synthesized with CTAB through 
procedure 1 after calculations.	 115

Figure. 33. Nitrogen adsorption and desorption isotherms for specimens 
produced through procedure 1 after calculations

Figure. 34. t-plot of specimens synthesized through procedure 1 after 
calculations

Figure. 35. The distribution of pore size in specimens synthesized through 
procedure 1 after calculations



xiv

Figure. 36. A SEM micrograph was taken at high magnification exhibiting the 
detailed morphological feature of (A) specimen P1-None-c, (B) specimen P1-
PEO-c, (C) specimen P1-CTAB-c, and (D) specimen P1-CTAB.
Figure. 37. TEM image of the specimens synthesized (A) without any surfactant, 
(B) with PEO surfactant, and (C) with CTAB surfactant
Figure. 38. Synthesis route of a typical solgel process

Figure. 39. Common applications of solgel process

Figure. 40. Different solgel-derived nanostructures for organic–inorganic 
hybrids

Figure. 41. Different kinds of organic entities which may be attached to 
backbones of oxide in type II hybrids

Figure. 42. Cross-linking reaction between organic and inorganic constituents

Figure. 43. Lu
2
SiO

5
 nanoparticles present in an optically transparent silica 

matrix

Figure. 44. (Top) Solgel-derived, optically transparent scintillators of Lu
2
SiO

5
–

SiO
2
. (Bottom) Distribution of wavelengths of light scintillation from LSO 

crystals excited with 356 nm (wavelength) of light at ambient temperatures. 
The doublet structure related to the Ce+3 ion transitions from the 5d energy level 
to the 4f ground state is typically washed out at room temperatures but can still 
exist in the spectra.

Figure. 45. Nanoparticles of BaTiO
3
 in the silica (SiO

2
) matrix heat-treated at 

800°C for 2 hours

Figure. 46. Nanoparticles of LiNbO
3
 in the silica matrix heat-treated at 200°C 

for 2 hours

Figure. 47. The nanoparticle of LiNbO
3
 in a SiO

2
–TDP ormosil heat-treated at 

200°C for 2 hours.

Figure. 48. Schematic of a LiNbO
3
–TDP ferroelectric ormosil nanocomposite 

material

Figure. 49. Synthesis route for CdS-doped borosilicate ceramic glass

Figure. 50. Nanoparticles of CdS present in borosilicate glass

Figure. 51. The nanoparticle of CdTe in a solgel-derived matrix of borosilicate 
(5 wt.% CdTe, treated at 500°C for 4 hours).

Figure. 52. Typical configuration of a dye-sensitized solar cell (DSSC)
Figure. 53. Chemical structure of the target sensitizer (G3)
Figure. 54. Typical working principle of a solar cell



xv

Figure. 55. Synthetic sequence (Scheme 1) followed for obtaining G3 through 
a conventional approach (Route A)

Figure. 56. Synthetic sequence (Scheme 2) followed for obtaining G3 through 
C−H direct arylation (Route B)
Figure. 57. Relationship between photocurrent density and voltage (curve of a 
G3-based solar cell device under 1.0 sun illumination (VOC = 0.663 V, JSC = 
18.11 mA/cm2, FF = 0.72).
Figure. 58. (A) I−V characteristics for the two different dyes before and after 
aging at 85°C for 1000 hours (potential scan direction was from high to low 
voltage). (B) Graph showing the relationship between efficiency decay and 
time during aging.

Figure. 59. Nyquist graphs for cells consisting of N719 and G3. Equivalent 
circuit employed for curve fitting of the impedance data: Rct/Qct charge transfer, 
capacitance, and Rs series resistance at the surface of platinum (semicircle at 
high frequency); capacitance and Rrec/Qrec recombination resistance at the 
dye/titania–electrolyte interface (i.e., semicircle at intermediate frequency); 
semicircle at low frequency represents Wd diffusion.

Figure. 60. Typical example of a chemical looping process involving gasification 
and hydrogen production

Figure. 61. Volumetric and gravimetric energy densities of different hydrogen 
storage

Figure. 62. A comprehensive comparison of metal-based and material-based 
storage systems

Figure. 63. A typical view of single-wall carbon nanotubes and multiwall 
carbon nanotubes

Figure. 64. Single-wall and multiwall CNTs along with carbon nanofibers 
(CNFs), that is, platelet-like CNF-P, ribbon-like CNF-R, and herringbone 
CNF–H

Figure. 65. Chemical looping gasification combined with a solid oxide fuel 
cell.

Figure. 66. Application of direct solid oxide fuel cell for chemical looping

Figure. 67. Next-generation Illumina-based sequencing technology

Figure. 68. General workflow of next-generation sequencing technology
Figure. 69. Progressive generations of the sequencing technologies
Figure. 70. PacBioRS-based real-time single-polymerase, single-molecule 
sequencing. The sequencing of a single-stranded template of DNA is performed 



xvi

by manufacturing in a nanostructure hole.

Figure. 71. Complete development of Complete Genomics’ nanoballs after 
magnification of the rolling cycle. Ligation is used for carrying out sequencing 
of these DNB
Figure. 72. Ion Torrent technology illustrating the release of proton after the 
incorporation of the nucleotide by the DNA
Figure. 73. Advanced Ion Torrent technology. (a) The Ion Torrent exclusive 
microchip design. (b) Cross-sectional outlook of a single well which houses 
ionic sphere particles possessing a clonal amplified template of DNA. The 
incorporation of nucleotide by DNA poly
Figure. 74. A typical schematic of whole-genome sequencing



LIST OF TABLES

Table 1. Mechanical and thermal characteristics of petrochemical polymers and 
PHA polymers
Table 2. A summary of high-yield production of PHAs according to the latest 
surveys

Table 3. Lattice parameters for various samples prepared before and after 
calculations

Table 4. Crystallite size calculations, peak positions, and HWHM for specimens 
manufactured through procedure 

Table 5. Pore volume (Vp), pore diameter, and BET-specific surface area 
(SBET) for samples fabricated via procedure 1 after calcination

Table 6. Bohr radii of various semiconductors

Table 7. Tuning of the reaction conditions for obtaining 1 through direct 
arylation

Table 8. Product distribution of the reactions between α and 1 via direct 
arylation routes

Table 9. Cost summary and green metric of the two processes for the attainment 
of the final sensitizer G3
Table 10. Fitting data from EIS plots

Table 11. Coal to electricity configurations and efficiencies of process

Table 12. The ideal cell potentials (open-circuit voltage)





The enthusiastic approach of scientists and researchers toward green chemical 
and biochemical technologies inspired me to write this book with a desire 
to satisfy the current demand for a systematic handbook on chemical and 
biochemical technologies. This book is mainly intended not only for the students 
of chemistry having completed their organic–synthetic, inorganic–analytical, 
and physicochemical courses but also for machine engineering students who are 
inclined toward process engineering and chemical technology. This book can be 
considered a bridge between academic and industrial prospects of young chemists 
and biochemists. Moreover, numerous people from various backgrounds can 
also benefit from this book. For instance, sales persons, doctors, and medical 
students can acquire fundamental knowledge of the chemistry and biology of 
different chemical products available in the market. This book will not focus on 
memorizing the stuff; instead, it will instigate meditating and creative thinking 
among engineers, chemists, and biochemists.

The Handbook of Chemical and Biochemical Technologies contains a set of 
guidelines and information regarding different applications of chemistry and 
biochemistry. By offering a modern and applied approach, this book will assist 
the readers to comprehend the values and relevance of innovative chemical 
technologies. This book is designed to provide a deep insight into chemical 
phenomena (natural or human driven) and technological breakthroughs taking 
place in the world. The Handbook of Chemical and Biochemical Technologies 
consists of broad-ranging views on the current advancements in applied 
chemical and biochemical methodologies which include diverse aspects of 
modern chemical and biochemical processes and experimentations. This book 
focuses on the applications of chemistry in different areas of human activity. 
Moreover, this book presents viable solutions to a variety of challenges and 
problems which are encountered in engineering and research sector. This book 
also focuses on both the theoretical and the experimental aspects of various 
chemical and biochemical technologies.

Sustainability and environment stability are key factors controlling the overall 
health of our planet. Chapter 1 of this book contains a detailed introduction 
of modern chemical and biochemical technologies and their relationships 
with environment sustainability. The second chapter of this book deals with 

PREFACE



xx

the microbial and biochemical technologies. Applications of modern microbial 
and biochemical technologies in different consumer products are also discussed 
in Chapter 2. Pollution-free environment is essential for the well-being of 
living species on the Earth. The applications of green chemical technologies 
in various industrial processes are illustrated in Chapter 3. Chapter 4 discusses 
various chemical routes for the synthesis of different nanostructures based 
on gallium oxide. Solgel process is recognized as a fundamental process to 
synthesize nanomaterials and chemical products via chemical routes, which are 
illustrated in Chapter 5. The world is shifting toward sustainable and renewable 
energy resources to combat the increasing gap between energy demands and 
supplies. Chapter 6 contains a detailed presentation of dye-sensitized solar cells 
(DSSCs) prepared via chemical routes. Chapters 7 and 8 focus on different 
chemical looping and sequencing technologies for improving the chemical 
process industry. This book also contains a detailed presentation of different 
industrial products such as polymeric consumer goods, solar cells, plastics, 
elastomers, and some synthetic building materials. This book is an ideal source 
of information for the graduate-level research in different areas of chemistry, 
biochemistry, chemical engineering, and sustainable chemical technologies.
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1.1 INTRODUCTION

This chapter contains detailed discussions regarding the development trends 
in modern chemical technologies and fundamental changes in technology 
for eco-sustainability. The basic strategies of sustainable development and 
potential alternatives are also identified. Some predictions and opinions are 
offered regarding the prospective progress in the growth of advanced and 
sustainable chemical technologies.

The eras of the industrial, agricultural, and modern scientific–technical 
development have shaped the destiny of human civilization. Currently, we 
are living in the era of modern information technology and environmental 
sustainability. The society is shifting toward a new era of sustainable 
development (Hongbo, Yuancheng, Chengwei, Yutie, & Lin, 2010; Rahmani, 
Haghighi, Estifaee, & Rahimpour, 2012; Suraweera et al., 2014). The term 
“sustainable development” is perceived as a balanced or a stable development. 
The different understanding of sustainable development is reflected by 
different words used in various languages, for example, trwały rozwj, 
zrównoważony rozwj, nachhaltige Entwicklung, and development durable. 
The concept of sustainable development has evolved since its origin. The 
ultimate aim, characteristics, and the definition of sustainable development 
have changed significantly in the last 20 years (Fukui, Murakami, & 
Ichikawa, 1994; Nishikawa, Yanagawa, Morikawa, Sakata, & Kojima, 2001; 
Levenspiel, 2005; Jena, 2009). The concept of environmental sustainability 
has been proposed by various environmentalists and scientists (Meadows, 
Meadows, Randers, & Behrens, 1972; Keeble, 1988; Butlin, 1989). A more 
promising version was announced in a seminar by United Nation Conference 
on Environment and Development (Houghton, Callander, & Varney, 1992; 
Grubb, 1993; Elkington, 1994). Many authors have discussed the modern 
sustainability concepts in detail (Borowiecki, Gołębiowski, & Skowroński, 
1998; Taniewski, 1999; 2012). Sustainable development is a human concept 
directed at the enhancement of the living quality and human welfare. The 
advances in sustainable development are meant for meeting the necessities 
of future generations under challenging circumstances, that is, with limited 
resources and abundant industrial activities. A progressive vision associates 
social justice, environmental protection, and economic growth (Taniewski, 
2004; 2005; 2006; 2008). Despite numerous barriers and obstacles, it is 
strongly believed that sustainable development can be implemented gradually. 
The implementation of sustainable development strategies will replace the 
old models of civilization development to maximize manufacturing and 
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profits. Presently, sustainability is a primary necessity (not an option) of the 
human race (Ismagilov et al., 2011; Bednarek-Gejo, Mianowany, Skoczylas, 
& Głowacka, 2012).

Implementation of the novel and sustainable strategies requires major 
modifications in economic structure, consumption and production profiles, 
technologies, organizations and institutions, environmental and industrial 
ethics, and so on. Novelties in technology play an essential role which 
serves as critical drivers for the transformation of basic development 
models (Degnan, 2000; 2003; Catani, Mandreoli, Rossini, & Vaccari, 2002; 
Marcilly, 2003).

Figure 1. Benefits of green chemistry and its applications

[Source: https://www.slideshare.net/amitkumarchoudhary17/green-technolo-
gy-42692950]

Presently, the world’s leading chemical industries have gauged the 
importance of sustainable development strategies (Arpentinier et al., 2005; 
Cavani, Centi, Perego, & Vaccari, 2005; Muda, 2014). Several special 
programs are being announced to support environmental sustainability and 
the expansion of sustainable chemical technologies, that is, Responsible 
Care, Product Stewardship, Life Cycle Assessment and cradle to grave 
(Bozell, 2001; Wilson & Schwarzman, 2009). It is firmly believed that 
steadily introduced and constantly improved sustainable models of the 
chemical industries will inevitably result in tremendous technological 
breakthroughs. For instance, Chum and Overend (2001) predicted a 90% 
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reduction in feedstock losses due to wastes and by-products by 2020. 
Moreover, the use of carbon compounds and renewable energy resources 
is expected to increase by 20 and 13%, respectively (Anastas & Kirchhoff, 
2002; Trost, 2002; Anastas & Zimmerman, 2003).

Numerous presentations, general reviews, and research articles have 
been published to address the following trends in modern sustainable 
chemical technologies (Metzger, 2006; Guillena, Ramón, & Yus, 2007; 
Chen et al., 2008; Biermann, Bornscheuer, Meier, Metzger, & Schäfer, 
2011). Some major reviews published in the area of sustainability deal 
with green chemistry, renewable raw materials, methane, and carbon 
chemistry (Lunsford, 1995; 2000; Xu, Bao, & Lin, 2003; Holmen, 2009). 
Additional sustainability areas include clean fuels, syngas, catalysis 
trends, nanotechnology, miniaturization, separation, and innovations for 
sustainability (Kioes & Liebner, 2004; Koempel, Liebner, & Wagner, 2005; 
Liebner & Koempel, 2005; Pushparaj et al., 2013). Certain publications 
contain detailed sustainability concepts amalgamated by both ancient 
and modern theories (Taniewski, 2002; Aramendı́a et al., 2004; Skutil & 
Taniewski, 2006; Nouralishahi, Pahlavanzadeh, & Daryan, 2008). The 
theme of this chapter is to explore the modern chemical technologies in 
detail. The principles of green engineering technologies are also addressed 
in the subsequent sections of this chapter.

1.2 CHEMICAL TECHNOLOGIES IN  
DEVELOPMENT

The global trends toward sustainable (green) chemical technologies mainly 
focus on the following areas:

•	 Minimization of raw material usage facilitated by the increment 
in selectivity due to a wide range of choices for suitable 
processes, optimal operating parameters, feedstock, recirculation 
of by-products, highly selective catalysts, etc. (Van-Hove, 2006; 
Gawlitza, Braun, Leson, Lipfert, & Nestler, 2007; Erdély et al., 
2009; Wang, Deng, Chu, & Yang, 2009)

•	 Minimization of power consumption facilitated by the increment 
in selectivity due to a wide range of choices which involve 
the substitution of endothermic processes by exothermic ones, 
development of exothermic and endothermic operations and 
processes, a gradual substitution of extraordinary energy-
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consuming cryogenic separation processes by adsorption 
and membranes, an improvement in the development of heat 
exchangers and reactors, innovations in steering and process 
control, etc. (Charpentier, 2005; Sell, Ott, & Kralisch, 2014; 
Zhang et al., 2014; Francisco, Franco, Zepka, & Jacob-Lopes, 
2015; Shanmugam & Donaldson, 2015).

•	 Increasing environmental safety standards by the following 
environmental codes which involve the minimizing the emission 
volumes, proper dumping of wastes and sewage, development 
of zero-waste or low-waste technologies, enhanced safety of the 
processes, etc.

•	 Waste management industrial processes which involve processing, 
destruction, recycling, combustion, and safe deposition of 
industrial wastes.

The above actions and tendencies accord with the fundamental ethical prin-
ciples. The role of ethics is vital to regulate various industrial processes be-
ing carried out today. The ethical issues are linked to the constant risk and 
responsibilities for chemical processes, products, and their safety. There-
fore, it is essential to practice ethics to ensure self-improvement, eradication 
of hazards and threats, transparent relationships with society, and depend-
able information practice, for progression of chemical industries.
There are various tools which can be employed for the improvement of rec-
ognized technologies and the development of sustainable (green) and novel 
chemical technologies. Some basic tools essential for the achievement of 
technological sustainability are given below:

•	 Selection of the most suitable substitute primary resources,

•	 Selection of the most suitable alternative feedstocks,

•	 Selection of the most suitable processes and operating conditions,

•	 Selection of the most suitable energy sources and energy 
management systems,

•	 Selection of the most suitable catalysts,

•	 Selection of the most suitable reactor/equipment systems,

•	 Selection of the most suitable methods to manage sewage and 
waste, emissions, and by-products, and

•	 Selection of the most suitable and safe products.

These basic tools are mutually interdependent. The selection made in 
one category usually predetermines the selection in the other. The change in 



Handbook of Chemical and Biochemical Technologies6

feedstocks and primary resources often involves alterations in manufacturing 
processes and routes. The transformation of prevalent technologies into 
sustainable, environmentally benign, technically optimal, and economically 
feasible technologies will always require continuous efforts. Various 
assessment techniques such as best available techniques (BAT) are useful 
in selecting the most sustainable technologies among presently available 
techniques.

1.3 PRIMARY RESOURCES AND FEED

The fundamental resources which can be utilized as the starting materials 
for the synthesis of intermediates (e.g., feedstocks, synthetic fuels, or 
chemical compounds) are refinery gas streams, crude oil fractions, natural 
gasoline, natural gas, LPG, coal liquids, biomass, coal gases, minerals, and 
atmospheric CO

2
.

It is strongly believed that petrochemical-based refinery gas streams, 
crude oil fractions, natural gasoline, natural gas, and LPG will remain the 
major bulk products of commercial inorganic manufacturing (hydrogen, 
nitrogen, ammonia, fertilizers, etc.) and the essential part of commercial 
organic manufacturing (polymers, synthetic rubbers, synthetic fibers, 
detergents, etc.). On the other hand, the gradual rise in the oil prices will 
instigate the growth and development of alternate energy resources. The 
crude oil fraction group deals with the processing and application of heavy 
and superheavy products of crude oil. These foreseeable tendencies will be 
triggered by a growing need to use heavy fractions and residues along with 
the synthesis of heavy and superheavy crude oil products in place of steadily 
exhausting traditional oils.

It is estimated that within primary resources of hydrocarbons, the 
relative contribution of methane (natural gas) will increase at the expense 
of oil in various applications such as energetics, petrochemical production, 
and transportable liquid fuels (gas-to-liquids, GTL). This major shift is only 
possible to die to the availability of large natural gas reserves (higher annual 
production ratio/proved reserves) and recent developments in CH

4 
chemical 

technology. Plentiful resources of flared gas and remote natural gas that are 
not much utilized and even large resources of methane hydrates that have 
not yet been explored will instigate their general processing and utilization.

The contribution of coal (as a principal raw material) toward the energy 
sector was extremely high in late 18th century and early 19th century. 
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However, the contribution of coal and its derivatives (coal tar and coke-oven 
gas) significantly declined in favor of natural gas and petroleum. Presently, 
the role of coal is limited to the short-scale production of aromatics and 
hydrogen from natural gas and oil. The large-scale Fischer–Tropsch synthesis 
and coal gasification practiced in South Africa (since the 1950s) are unusual 
phenomena triggered by specific circumstances. However, the coal-based 
synthesis routes (Mossel Bay) experienced drastic depreciation due to the 
advent of gas-based synthesis routes since the 1990s. Despite all the facts, 
one can assume that in the years to come, the commercial coal industry 
will revive gradually, particularly in the area of novel gasification methods 
leading to advanced coal-based materials (composites, fibers, sorbents, 
carbon nanomaterials), coal bed methane processing, and SNG (substitute 
natural gas). Substantial advancement has been recently witnessed in these 
new fields. On the other hand, the revival of carbonization (coal degassing), 
including coal hydro-liquefaction or coking processes, is highly unlikely.

Chemical processing of renewables/biomass (fats, cellulose, vegetable 
oils, agricultural residues, municipal wastes, agroindustrial products, etc.) is 
becoming progressively essential in the synthesis of biofuel fine chemicals 
or products with improved environmental biodegradability, for example, 
polymers. Therefore, these processes should be considered as alternative 
routes for processing of energy products. Bulk production of chemicals from 
these unique resources will be a matter of prospective process considerations.

1.4 FEEDSTOCK

Presently, the best feedstock raw materials are those which can be converted 
into desirable products with the maximum selectivity. Various alternate 
feedstock raw materials can be utilized for the manufacture of higher and 
lower olefins, diolefins, surfactant intermediates, alkyl aromatics, oxygen 
compounds, heterocyclic compounds, etc. (Noble & Agrawal, 2005; Broering 
et al., 2006). Commercial organic synthesis typically involves a significant 
number of alternative feedstocks, which results in an extremely large number 
of processing routes leading to isoprene. Some substitute feedstocks and 
alternative processing technologies employed in the petrochemical industry 
have been discussed earlier in this chapter (Taniewski, 2002; Koros et al., 
2004). The increasing applications of renewable (novel) feedstocks have 
been discussed above. The indications of the feedstock transformation 
processes are discussed in the subsequent sections. Some examples of 
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alternate feedstocks and primary resources used for the synthesis of the bulk 
intermediates are listed below:

•	 Ethylene (steam cracking of LPG, gasoline, ethane, and 
heavy and middle oil fractions; oxidative dehydrogenation or 
dehydrogenation of ethane and oxidative coupling of methane);

•	 Propylene (steam cracking of liquid hydrocarbon fractions or 
LPG, separation from FCC gases, oxidative dehydrogenation or 
dehydrogenation of propane and conversion of methanol);

•	 Butadiene (dehydrogenation of n-butenes and n-butane and steam 
cracking of liquid fractions of hydrocarbons);

•	 Benzene (steam cracking of liquid fractions of hydrocarbons, 
catalytic reforming of gasoline, hydrotreated pyrogasoline 
fraction or hydrodealkylation of toluene and disproportionation 
of toluene);

•	 Toluene (steam cracking of liquid fractions of hydrocarbons and 
catalytic reforming of gasoline);

•	 Xylenes (steam cracking of liquid fractions of hydrocarbons, 
catalytic reforming of gasoline, and alkylation or disproportionation 
of toluene);

•	 Synthesis gas, SNG (partial oxidation or steam reforming of 
natural gas, processing of biomass, reforming of heavy fractions, 
residues of oil, and gasification of coal);

•	 Hydrogen (reforming of oil residues or natural gas, gasification 
of biomass or coal, reforming of renewable liquid fuel (bio-
oils, bioethanol, etc.), reforming of DME, ethanol, methanol, 
hydrocarbon fuels for cells, water decomposition by high-
temperature splitting process, catalytic breakdown of natural 
gas, electrolysis of water via renewable sources of molecular or 
electrical energy, photolytic splitting of water via photoelectrolytic 
or photobiological methods, etc. (Dijkema, Ferrão, Herder, & 
Heitor, 2006; Davood Abadi Farahani, Rabiee, Vatanpour, & 
Borghei, 2016).
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Figure. 2. Alkenes versus alkanes alternatives

[Source: http://onlinelibrary.wiley.com/doi/10.1002/ceat.200600178/]

Figure. 3. Production and R&D of methane derivatives

[Source: http://onlinelibrary.wiley.com/doi/10.1002/ceat.200600178/]



Handbook of Chemical and Biochemical Technologies10

Figure. 4. Production and R&D of synthesis gas derivatives, that is, F-T—
Fischer–Tropsch synthesis.

[Source: http://onlinelibrary.wiley.com/doi/10.1002/ceat.200600178/]

Figure. 5. Production and R&D of methanol derivatives. (a) Methyl tetrabu-
tyl ether—MTBE; tetra-amyl methyl ether—TAME; dimethyl terephthalate—
DMT; methyl methacrylate—MM; methanol-to-gasoline (MTG) synthesis.

[Source: http://onlinelibrary.wiley.com/doi/10.1002/ceat.200600178/]

The selection of the particular feedstock material may sometimes result 
in the desirable decline in the number of synthesis steps, thus evading the 
production of intermediate compounds, for example, production of alkene 



Sustainable Chemical and Biochemical Technologies 11

derivatives from alkanes in place of alkenes and synthesis of C
1 
derivatives 

from methane in place of syngas and vice versa). The application of 
some alternate routes to produce alkane-based derivatives of alkenes has 
been observed in the last two decades. These simple yet robust synthesis 
approaches will compete with conventional alkene-based methods (Lepoutre, 
2008; White, 2009).

Figure 3 to Figure 5 demonstrate the synthesis of C
1 
derivatives from 

syngas, methane, or methanol (Aramendı́a et al., 2004; Skutil, & Taniewski, 
2006). These examples illustrate another critical problem associated with the 
selection of feedstock, viz. the prospect of employing the same feedstock to 
the same industry for the synthesis of different products, that is, of the need 
to select the optimal production profile (Lorenz & Eck, 2005; Nouralishahi 
et al., 2008).

1.5 TECHNOLOGICAL PROCESSES

Some major technological processes can be categorized as petrochemical, 
carbochemical, refining, biochemical, environmental, mineral-based 
(including hydrometallurgy and ceramics), and specialty chemical processes 
involving membranes, fuel cells, and ionic liquids. The quest for selection of 
the best technological process is typically based on the tendency to develop 
highly selective zero-waste or low-waste technology. It often necessitates 
the selection of the best processing route among various procedures leading 
to the construction of same products even from the same set of raw materials. 
For instance, Figure 6 displays the state-of-the-art synthetic technology 
in the area of transportable liquid fuels’ production from natural gas via 
different (existing/novel) alternative routes (Lorenz & Zinke, 2005; Paula 
& Birrer, 2006)

1.5.1 Operating Conditions

After the choice of the best processing route, it is essential to designate the 
type of process and its typical operating conditions. Process types include 
low pressure, high pressure, liquid phase, gas phase, multiphase (mainly 
perspective in a few cases), catalytic, non-catalytic, or multicatalytic 
(mainly perspective in some cases). On the other hand, the optimum 
operating conditions are set according to the process requirements involving 
supercritical fluids and other alternate materials.
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1.5.2 Catalytic Technologies

The modern catalytic technologies are applicable in particular chemical 
branches such as petrochemical and refining. The rapid advancement in the 
assessment and application of the new selective catalysts (regioselective 
and stereoselective) creates likelihoods for the best selection and constant 
development. Some common catalysts include shape-selective zeolites, 
nanostructured, monolithic, mesoporous, blocks, metallocenes and various 
one-centered catalysts, heterogenized homogeneous, polyfunctional, bio, 
phase transfer, membrane, etc. (Sheldon & Dakka, 1994; Sheldon, 1996; 
Sheldon, Wallau, Arends, & Schuchardt, 1998).

Figure. 6. Portable liquid fuels obtained from natural gas (GTL, gas-to-liquids). 
liquefied natural gas (LNG); Fischer–Tropsch (F-T) synthesis; dimethyl ether 
(DME); mild hydrocracking (HC); methanol-to-gasoline (MTG) synthesis; 
methanol-to-propylene (MTP) synthesis; methyl tetrabutyl ether (MTBE); fatty 
acid methyl esters (FAME); oligomerization (oligom.); hydrogenation (hydrog.)

[Source: http://onlinelibrary.wiley.com/doi/10.1002/ceat.200600178/]

It is imperative to note that chemical technologies primarily focused 
on high catalytic activities in the 20th century. However, modern chemical 
technologies are more apprehensive about the high selectivity of the catalysts. 
This priority shift is comprehensible in respect of both a high catalyst activity 
typically associated with the past technologies and the higher selectivity 
associated with the current sustainability trends. The critical role of the 
increase in process selectivity arises from the fact that the consumption 
of energy and raw materials can be reduced by following this technology. 
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Moreover, the costs of waste management and product separation also play 
an important role in defining the role of catalytic selectivity.

On the contrary, there are a few catalytic unit processes (e.g., 
hydrogenation, stereospecific polymerization, and partial oxidation), which 
take place with poor selectivity standards. The catalytic technologies are 
still waiting for uprise of their role in the synthesis of green chemicals and 
pharmaceuticals products. Presently, there is an obvious prevalence of non-
catalytic routes in fine chemical productions and various similar products, 
which leads to undesirably higher values of Sheldon’s E-factor (cumulative 
waste mass/cumulative mass of the desired product) equivalent to 5100 
(Anastas, Heine, & Williamson, 2000; Anastas & Kirchhoff, 2002).

Strong tendencies to cultivate safer and cleaner technologies (non-
solvent, catalytic, etc.) are witnessed in the synthesis of all fine and specialty 
chemicals such as pharmaceuticals, intermediates, dyes, agrochemicals, 
pigments, fragrances, flavors, liquid crystals for displays, chemical 
compounds for cosmetic and food industries, and electronic chemicals 
for the synthesis of chips (Anastas & Zimmerman, 2003; McDonough, 
Braungart, Anastas, & Zimmerman, 2003; Anastas, 2008).

1.6 BIOTECHNOLOGY

Currently, the importance of industrial biotechnology associated with the 
chemical handling of renewable/biomass as an alternative to the traditional 
technology based on minerals and fossil fuels is being explored extensively 
(Anastas, 1998; Ballini, 2009; Sharma, 2010. The novel biotechnology 
involves the transformation of renewable resources via fermentation, 
transesterification, or hydrolysis to produce biofuels (esters, alcohols, etc.). 
Additionally, the enzymatic productions of intermediates, fine chemicals, 
pharmaceuticals (e.g., vaccines, biomolecule manufacturing, stereoselective 
biocatalysts, and chiral technologies) and various biodegradable products 
from renewable resources are being carried out. Biomass processing or the 
use of biotechnological routes for bulk chemical synthesis and chemical 
operations exhibits significant but slow progress (e.g., biodesulfurization 
of solids or liquids and enzymatic manufacture of 1, 3-propanediol from 
glucose molecules).
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1.7 CHEMICAL NANOTECHNOLOGY

The field of chemical nanotechnology is a subdivision of nanotechnology 
resulting as a by-product of nanoscience evolution derived from the general 
science of surfaces and thin films (Tang & Zhao, 2009; Soetaert & Vandamme, 
2010). This multidisciplinary novel new field is associated with nanomaterials 
(nanowires, nanofibers, nanotubes, etc.), catalysts, surfactants, sensors, 
membranes, coatings, polymers, etc. This multidisciplinary area of research 
focuses on the development of rapidly growing alternative synthesis routes 
leading to the construction of novel and customized products (Hopwood, 
Mellor, & O’Brien, 2005; Cheng & Gross, 2011).

1.8 CHEMISTRY AND ENVIRONMENT

There are climate and environmental issues facing across the world 
which are widely recognized as daunting problems. As the quality of life 
is declining therefore environmental and green technologies, sustainable 
development is important. In technology, there has been a major progress, 
especially clean water and air causing depletion of natural life resources 
(Lélé, 1991; Sneddon, Howarth, & Norgaard, 2006). Their problems are 
causing serious social, environmental, and economic impairment across the 
globe. Sustainable resources suggest that non-renewable resources should 
be husbanded (e.g., recycled and reduced) and renewable resources should 
be used wherever possible to increase their life for next generations to come 
(Irwin, 1995; Patil, 2013; 2014).

Figure. 7. Future trends in chemistry and its impact on environmental sustain-
ability

[Source: http://www.futamura.co.jp/english/cellophane/greenfuture/index.
html]
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A review on the trend toward green technologies and sustainability in 
chemical process industry has been given in this chapter. In applications 
and understanding of sustainability, a broad review of state-of-the-art green 
technologies with some case studies that highlight the economic benefits 
implementing green technologies from chemical engineering viewpoints 
is discussed. Renewable resources are being used by green technologies 
to reduce pollutants, emissions, and waste; reuse, recover, and recycle; 
restore the balance of biosphere and ecosystem; and reduce the pressure 
on natural resources and ultimately aid in giving “ecologically sustainable 
development.” These green technologies are, hence, cost-effective, feasible, 
appropriate to climate, environmentally advanced, geographic, social, 
ecological, and economic conditions of the country (Dalton, 1998; Renn, 
2008). The development of new safe, environment-friendly and non-toxic 
can be the only way to achieve this aim (Pace, 2012). Therefore, by investing 
in green technologies, CPI must encourage sustainable development and 
ensure improved adherence to health, safety, and environment standards 
(Albrecht, Evans, & Raston, 2006; Polshettiwar, Nadagouda, & Varma, 
2009).

In the past, the environmental problems were considered as a part of the 
rapid utilization of the natural resources and the economic system (Horváth 
& Anastas, 2007; Anastas & Eghbali, 2010). It took many years to consider 
the recognized ways that the initial design of the CPI, materials used 
(feedstocks), the energy consumption, the hazardous properties of products 
and other some other parameters that are involved in the manufacturing of 
the products (recycling, life cycle, etc.)

The increased development of some innovative chemical products and 
new chemical technologies in last few decades has gained the attention 
of the environmentalists to remedial actions for the detrimental impacts 
(environmental pollution, monitoring, recycling, reduction of pollutants, 
etc.). It should be noted that the most effective way to decrease the harmful 
impacts is to innovate the design in the manufacturing process taking 
into account the materials, use, energy, generation of secondary and atom 
economy, and at the end life cycle of the products and their recycling into 
new materials.

A more environment-friendly synthetic route was involved in the green 
chemistry, and it was another part for the manufacturing of chemicals on 
the industrial scale with the mantra—“Think Green.” Selectivity has been 
the vital concern of chemical engineers than conversion. Green technology 
studies alternate (solvent-free) media, reaction conditions, and energy 
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sources (Li & Trost, 2008). The most basic approach for pollution prevention 
is the design of chemical process and products that eliminate or reduce the 
generation and use of hazardous substances. In green chemistry, the need 
to produce services and goods that are environment-friendly and on which 
society depends is addressed. Plastics that biodegrade can be synthesized 
from plants, minimizing the number of waste lifesaving pharmaceuticals 
can be produced, and instead of traditional organic solvents, reactions can be 
run in water by applying green chemistry principles to chemical processes 
and products.

1.9 SUSTAINABILITY CONCEPTS

Sustainable global development has become a norm for environmental 
protection and global economic development since the start of the 21st 
century. The three fundamental aspects of sustainable development include 
environment, community, and economy. Therefore, it is essential to follow 
the subsequent steps to build a sustainable society.

•	 The natural step,

•	 Eco-efficiency,
•	 Pollution prevention,
•	 Eco-effectiveness,
•	 Design for environment,
•	 Cradle-to-cradle design,

•	 Industrial ecology,

•	 Environmental management, and

•	 Sustainable management systems.

1.10 RECENT DEVELOPMENTS IN GREEN  
TECHNOLOGY

Innovative and creative skills are being applied by scientists from all over 
the world to develop new synthetic methods, processes, reaction conditions, 
analytical tools, catalysts, etc., under the envelope of new green technology. 
Some of these areas are as follows:

A continuous apparatus and process convert the biomass into industrial 
fuels, chemicals, and animal feed. There is another process that converts 
biomass such as sewage sludge, municipal solid waste, agricultural residues, 
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tires, and plastic into useful products which include acetic acid, ethanol, and 
hydrogen.

•	 A method of semicontinuous culture of Texas genus plant for the 
mass production of taxol.

•	 Carboxylic acid production by the fermentation method.

•	 Using a supercritical fluid mobile, a method of partially oxidizing 
alcohol, such as esters or acids methanol to aldehydes, ethers.

•	 Using supercritical carbon dioxide, a process to manufacture a 
fluoropolymer.

•	 Production of a non-toxic solvent ethyl lactate derived from corn 
by an economical method.

•	 Worker and environment-friendly variety of organic solvents, for 
example bioethanol.

•	 To recover zinc and ferrous chloride from pickle liquor, a novel 
environment-friendly technology that has been in use.

•	 There is an increase in demand of nonionic surfactants. Alkyl 
glycoside is an innovative example which is made from saccharide. 
This product can be a replacement for alkyl aryl sulfonate anionic 
surfactants in shampoos.

Figure. 8. Green chemistry is genuinely sustainable

[Source: http://projectwork001.blogspot.com/]
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1.11 USE OF ALTERNATIVE CHEMICALS IN CHEMI-
CAL AND RESEARCH INDUSTRY

From the experience of last five decades, it has been known that the majority 
of starting materials and raw chemicals not only from chemical industry but 
also from other main industries were goods of the petrochemical industry.

1.11.1 Renewable Raw Materials and Feedstocks

There is a need to change green chemical technology into renewable 
feedstocks. Lower toxicity and environmental impact are the second most 
desired property of the starting materials. Safety and health protection of 
the workers and the environment is the important priority. Changes in the 
direction of biological raw materials are suggested by the green chemistry 
(biogas, plant and animal waste, products from the fermentation of plant 
waste, etc.).

1.11.2 Use of Oleochemicals as Modern Biological Materials

Oils and fats (from animals and plants) as oleochemical raw materials can 
be considered as a new source of chemical feedstocks. There are some raw 
materials present in the market with many applications in lubricating oils, 
cosmetics, polymers, and other products.

1.11.2 Light-Aided Photochemical Reactions

In chemical processes, green technology emphasizes on the photochemical 
reactions. Light (visible and ultraviolet) can be main catalysts for 
many reactions which can replace many toxic metals in many reactions. 
Photochemistry, according to many scientists, has a huge potential in many 
research applications and innovation in the last years.

1.11.3 Photocatalytic synthesis with Titanium dioxide (TiO2)

In recent years, there has been a lot of research on the use of TiO
2
 dioxide 

for photocatalytic reactions at industrial scale under visible light. The waste 
products are shallow; energy use is minimized and yielded much higher than 
traditional reactions.
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1.11.4 Decomposition of Toxic Chemicals and Photocatalytic 
oxidation Waste

In photocatalytic oxidations, TiO
2
 and other metallic oxides (Fe

2
+) can be 

used for the decomposition of waste and toxic chemical materials. Neutral 
chemicals with minimum toxicity can be produced by these decompositions, 
especially polychlorinated compounds, phenols, etc. Toxic industrial waste 
can be decomposed with the aid of light using a mixture Fe

2
+/H

2
O

2
 (Fenton 

reagent).

1.11.5 Waste Biomass as Biomaterials, Chemical Feedstock, 
and Biofuels

There has been a remarkable advancement in the use of biomass for the 
production of various materials in the last decade. It was known for years 
that biomass from the agricultural processes was wasted. Many aspects 
and effectiveness of the biomass were examined by scientists. With the 
increase in the fossil fuel value, biomass is considered as a vital problem of 
sustainability.

1.11.6 Degradation of Biomass for Biodiesel and Biogas

Biofuel is the well-recognized use of biomass especially from landfill 
organic waste. Biomass can be used for the production of biodiesel through 
chemical and physical processes.

1.11.7 Biotransformation and Biocatalysis in the Chemical 
Industry

Green technology includes biocatalysis which has many applications and 
is considered environment- and energy-friendly. In the pharmaceutical and 
food industries, enzymes have been used for synthetic chemical routes with 
some rewards.

1.11.8 Sequestration or Capture of Carbon Dioxide

In chemical industries, green chemistry is implicated in the reduction of 
carbon dioxide. The phenomenon of the greenhouse effect and climate 
change due to CO

2 
emissions is considered an important environmental 

problem.
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1.12 NOVEL FABRICATION TECHNOLOGIES FOR 
THE SYNTHESIS OF CHEMICAL COMPOUNDS

In this section, some of the important changes in the manufacturing of the 
chemicals under green chemical engineering and alternative methods are 
discussed.

1.12.1 Ionic Liquids in Organic Synthesis

In organic synthesis, ionic liquids are used as alternative solvents in recent 
years. These substances are named as ionic melts, liquid electrolytes, fused 
salts, ionic glasses, or liquid salts. Ionic liquids have various applications as 
electrically conducting fluids and powerful solvents. For the future progress, 
they are believed to be good candidates that can give green credentials to 
their use and applications.

1.12.2 Organic Synthesis in Aqueous Medium

Water was considered as a medium and was avoided as a solvent for syn-
thetic organic chemistry for many decades. For many synthetic methods, 
water is regarded as an excellent solvent. Diels–Alder organic synthesis is 
the most interesting example of water as a solvent.

1.12.3 Organic Fabrication in Polyfluorinated Phase
A two-phase system of solvents named as polyfluorinated is being used by 
chemists in these techniques which dissolve catalysts with a long aliphatic 
chain or hyper fluorinated alcylo. The organic solvent that is insoluble 
in the hyperfluorinated phase dissolves reagents. Heating up the mixture 
accelerates the reaction with an excellent yield of products.

1.12.4 Supercritical Water and Supercritical Carbon Dioxide

Any liquid substance at pressure and temperature above the critical point is 
supercritical fluid where distinct gas and liquid phases do not exist. It can 
dissolve materials like a liquid and can diffuse through solids like a gas. 
Moreover, a small change in temperature or pressure at close to the critical 
point results in a large change in density which allows many properties of 
the supercritical fluid to be “fine-tuned.”
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1.12.5 Use of Microwave Processes for Organic Chemical Syn-
thesis

For cooking and food warming, microwave furnaces are commonly used. 
They are being used in organic synthesis for many years, and their success 
in organic synthesis with “green” is well recognized. High yield without 
solvent, very low energy requirements, and low waste organic synthesis 
already have many applications and research papers on the topic.

1.12.6 The Use of Ultrasonic Waves for Chemical Synthesis

Advanced green techniques involve chemical reactions enhanced by 
ultrasound and sonic waves with excellent yield. Three classes of 
sonochemical reactions have been described: heterogeneous sonochemistry 
of liquid–liquid, homogeneous sonochemistry of liquids that extend 
beyond with the previous techniques, and sonocatalysis. The exploration of 
chemical improvement of reactions by ultrasound has been carried out and 
has valuable applications in materials chemistry, mixed phase synthesis, and 
biomedical uses.

1.13 MODERN TRENDS

New and alarming challenges in chemical engineering will be posted 
in 21st century: the necessity to apply new methodological approaches, 
increasing environmental considerations, and a change in the raw material 
base. However, this century will sneak into many other industries such as 
biotechnology, the pharmaceutical industry and electronic industry, and 
other sectors, mainly food production and agriculture.

Reinventing the use of materials is the challenge that sustainability of 
technological advancement is facing in a chemical industry. Green chemical 
technologies are essential to address these challenges. These technologies 
are, hence, environmentally advanced and cost-effective.

These green technologies are, hence, cost-effective, feasible, appropriate 
to climate, environmentally advanced, geographic, social, ecological, 
and economic conditions of the country. The development of new safe, 
environment-friendly, and non-toxic can be the only way to achieve this 
aim. Therefore, by investing in green technologies, CPI must encourage 
sustainable development and ensure improved adherence to health, safety, 
and environmental standards.
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2.1 INTRODUCTION

Microbes have developed various systems to store carbon for the duration of 
stress. In the natural environment of a cell, the carbon that has been stored can 
be used for growth purposes when there is a good supply of other nutrients. 
Storage of such other nutrients and carbon is pervasive throughout eukaryotic 
and prokaryotic domains of life. Such molecules having the ability to store 
carbon have great industrial significance. They can be utilized as value-
added products, as either biofuels or biopolymers. Large quantities of cells 
are grown, and such compounds are harvested. These compounds served as 
a replacement for a petroleum-based product. Presently, generation of entire 
industries has been based on the production as well as utilization of these 
compounds. Our focus is on two bacteria that can be considered a paradigm 
of their respective specific carbon storage strategy. These two bacteria 
are Rhodococcus opacus and Ralstonia eutropha. R. opacus is considered 
model bacteria for high-yield triacylglycerol (TAG) used making for 
biofuels, whereas R. eutropha has been thoroughly studied as a producer of 
polyhydroxyalkanoate (bioplastic). Both species of these bacteria produce 
molecules for storage of carbon which, in turn, can potentially decrease our 
dependence on fossil-based petroleum. Nevertheless, in both cases, there are 
certain complications which need to be resolved before the development of 
effective schemes by employing these microorganisms. In this chapter, we 
have explored the current as well as previous works that were undertaken to 
address these challenges.

With the deterioration and significant diminishing of petroleum reserves, 
concerns have started to arise worldwide, especially because most of the 
largest reserves of oil are situated in unstable regions of the world. Products 
of petroleum are widely used for chemical and fuel needs, and it is therefore 
in our best interest to develop renewable, economical process to synthesize 
biobased fuels and various other required chemicals (e.g., plastics). Since 
polymers and fuels are carbon-based, we can count on microbes that are master 
of storage of carbon for this task. As mentioned earlier, bacteria can store 
carbon in different forms during periods of stress. Another important family 
of carbon storage molecules is the polyhydroxyalkanoates (PHA), which is 
popular for exhibiting characteristics of petroleum-based plastics (Madison 
& Huisman, 1999; Steinbüchel & Valentin, 1995). Another capability of 
bacteria is that they can store carbon in the form of triacylglycerols (TAGs) 
(Alvarez & Steinbüchel, 2002; Wältermann & Steinbüchel, 2005). Although 
this form of storing carbon is less popular, still it is gaining recognition 
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rapidly as a scheme of biofuel production. To compete with products of 
petroleum, production of bioplastics and biofuel must be made cost-
effective and efficient. Even though several researchers in both industry and 
academia have produced industrial-scale PHA production methods or pilot 
plants, still the cost has remained high to develop products of the polymer 
as compared to the cost of developing plastics from petroleum products. In 
several such cases, recombinant Escherichia coli strain or R. eutropha, the 
model microbe for the biosynthesis of PHA, are employed. There is not much 
information on the production of the industrial TAG using bacteria, even 
though one microbe named as R. opacus strain PD630 has been identified 
as an efficient TAG-accumulating microbe. In this chapter, the state-of-the-
art TAG and PHA production processes have been discussed, mainly how 
bacterial carbon storage molecules are turned into value-added products.

Figure 9. Applications of microbial and biochemical substances in consumable 
products

[Source: https://www.frontiersin.org/articles/10.3389/fenrg.2014.00021/full]

As the study of the production of the bacterial TAG is still in its initial 
phases, this chapter outlines some recent researches in support of the pursuit 
to find a cheap method for the production of the target molecule, with the 
aim of challenging the petroleum products.
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2.2 POLYHYDROXYALKANOATES

Polyhydroxyalkanoates have many chemical and biochemical applications, 
which are discussed in subsequent sections:

2.2.1 Ecology of Important Storage Polyesters

Nutrient storage systems have progressed all the way through nature as 
a mechanism of stress survival. Prokaryotes can store carbon which can 
be later used in diverse forms, such as glycogen, triacylglycerols (TAGs), 
and polyhydroxyalkanoates (PHA) (Peoples & Sinskey, 1989; Preiss & 
Romeo, 1990; Alvarez, Mayer, Fabritius, & Steinbüchel, 1996). Microbes 
store carbon naturally when there is a short supply of other nutrients (i.e., 
unbalanced growth) and make use of such in carbon-sparse conditions. 
From the beginning of time, humans have made use of carbon stores of other 
organisms as food (e.g., starches and plant oils), cosmetics (palm kernel oil, 
coconut oil), fuel (whale oil), and various other applications. Recently, we 
are counting on microorganisms for the rapid production of carbon storage 
products for our personal use. One extensively studied example of carbon 
storage molecules turning into value-added products is the above-mentioned 
PHA.

Figure 10. Schematic illustration of the nitrate production in plants by prokary-
otes

[Source: https://www.khanacademy.org/science/biology/ecology/biogeochemi-
cal-cycles/a/the-nitrogen-cycle]
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Various species of microbes have been characterized to express the 
production of enzymes of PHA (Bernd, 2003; Jendrossek, 2009). Stores of 
PHA that have been stored between cells help in the survival of the microbes 
during times when nutrients are sparse. In few cases, independent living 
bacteria responsible for the production of PHA can surpass producers of non-
PHA for the similar niche (Kadouri, Jurkevitch, Okon, & Castro-Sowinski, 
2005). PHA is polymerized by cells of microorganism and reserved for 
future use in thick, protein-covered inclusion bodies known as granules. 
There are two kinds of PHAs, based on the content of monomer: short-chain 
length, or SCL-PHA, which contains 4-carbon 3-hydroxybutyrate (3HB) 
and/or the 5-carbon 3-hydroxyvalerate (3HV) monomers. The second is 
medium-chain length, or MCL-PHA, which contains monomers having a 
length of chain greater than 6 carbons, including 3-hydroxyoctanoate (3HO, 
8 carbons), 3-hydroxyhexanoate (3HHx, 6 carbons), and other monomers 
having much longer chain length than 3HHx. There are no less than two 
separate metabolic pathways for the biosynthesis of microbial PHA. For 
SCL-PHA such as polyhydroxybutyrate (PHB), two acetyl-CoA molecules 
are tied up to form acetoacetyl-CoA, and the acetoacetyl-CoA is condensed 
to form β-hydroxybutyryl-CoA. Afterward, the β-hydroxybutyryl-CoA 
molecule plays a role as a monomer substrate for the PHA synthesis, and 
hence, it is integrated into the nascent polymer chain with the help of a 
thioesterase reaction which takes place at the actual location of the enzyme, 
and the coenzyme A is released (Li, Chakraborty, & Stubbe, 2009). Figure 
11 shows a schematic production of PHA and intermediates initiating with 
acetyl-CoA. The polymerization pathway that has been shown here is the 
representative of PHB production in the bacteria R. eutropha strain H16 by 
employing multiple carbon substrates. R. eutropha bacteria are freshwater 
and soil-dwelling bacteria; these bacteria have been considered the model 
microbe for the biosynthesis of PHA since it can generate up to 80% of 
dry weight of its cell as PHA for the duration of nitrogen limitation (York, 
Stubbe, & Sinskey, 2002). It is possible to produce monomers (used for 
the production of PHA) from intermediates of fatty acid β-oxidation. 
The breakdown of fatty acid via β-oxidation results in the production of 
3-hydroxyacyl-CoA which can be utilized as a monomer for the production 
of MCL-PHA. Nonetheless, it cannot be used by the PHAS synthase as 
3-hydroxyacyl-CoA, the β-oxidation intermediate, is in the (S) shape. 
The production of polymerizable (R)-3hydroxyacyl-CoA takes place by 
the conversion of enoyl-CoA using an (R)-specific enoyl-CoA hydratase, 
commonly known as PhaJ (Hisano et al., 2003; Tsuge, Hisano, Taguchi, & 
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Doi, 2003). For both MCL-PHA and SCL-PHA, cells produce and afterward 
store polymer in inclusion bodies present in between cells; these intracellular 
bodies are known as a granule and are surrounded by proteins (Figure 2). 
These proteins play several roles such as facilitating the metabolism of PHA, 
protecting the granule from coalescence, and breaking up the hydrophobic 
polymer from the flowing cytoplasm. Phasin (PhaP1) is certainly the most 
abundant protein present in the PHA granule. It has been named since it has 
a similar function as oleosins that border TAG inclusion bodies in plants 
(Potter, Madkour, Mayer, & Steinbüchel, 2002). It has been demonstrated 
that in R. eutropha, the PhaP1 phasin covers anywhere from 27 to 54% of the 
surface of PHA granule (Tian, Sinskey, & Stubbe, 2005; Gerngross, Reilly, 
Stubbe, Sinskey, & Peoples, 1993; Maehara, Taguchi, Nishiyama, Yamane, 
& Doi, 2002). Some of the other proteins that are associated with granule 
include the PhaC and PHA synthase, depolymerase enzymes, PhaZs, and 
the regulatory protein, PhaR (York et al., 2003; Yamada et al., 2007). Figure 
2 shows the formation of PHA granule in R. eutropha. Lately, additional 
proteins have been discovered in R. eutropha which too are associated with 
granule (Pfeiffer & Jendrossek, 2011). This includes a granule-associated 
protein having dual function of binding to the nucleotide region of the cell 
(Pfeiffer et al., 2011). This recently discovered protein known as PhaM 
seems to have functional biology to the protein associated with the lipid 
body known as TadA from R. opacus (MacEachran, Prophete, & Sinskey, 
2010). The relationship between various proteins, each one having a special 
function in the production cycle of PHA, proposes that the PHA granule 
is a complex organelle that permits the optimal carbon mobilization and 
sequestration, depending on the availability of a nutrient in the extracellular 
milieu.

2.2.2 Value-Added Products of Polyhydroxyalkanoates (PHA)

Long before, the earliest patents for the production of commercial PHA were 
granted to a company known as W. R. Grace and Company in the 1960s, and 
several persons have already acknowledged the business potential of these 
biopolymers. Numerous kinds of PHA biopolymer possess such mechanical 
and thermal properties that compete with those thermoplastics which are 
petroleum-based. 
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Figure 11. A schematic development of microbial PHA paths. Two molecules of 
acetyl-CoA are connected via β-ketothiolase for SCL-PHA. (1) To form aceto-
acetyl-CoA, which becomes concentrated by reductase of acetoacetyl-CoA. (2) 
To form 3-hydroxybutyryl-CoA (3HB-CoA). Enzyme PHA synthase is utilized 
for 3HB-CoA polymerization. (3) For the manufacturing of PHB (i.e., black 
dashed box). Acetyl-CoA for PHB biosynthesis can be produced using the fatty 
acid β-oxidation cycles (enzymes 4–7). Substrates for MCL-PHA synthesis can 
also be acquired from β-oxidation, using an (R)-specific enoyl-CoA hydratase. 
(8) The polymerization of hydroxyacyl-CoA molecules of medium chain length 
is facilitated by PHA synthase. (3) For the fabrication of MCL-PHA (gray box). 
These monomers of medium chain length can also be synthesized through bio-
synthesis of fatty acid. Enzyme designations: 2-enoyl-CoA hydratase (5), fatty 
acyl-CoA dehydrogenase (4), β-ketothiolase (7), and 3-hydroxyacyl-CoA de-
hydrogenase (6).

[Source: https://www.omicsonline.org/bacterial-carbon-storage-to-value-add-
ed-products-1948–5948. S3–002.php? aid=2836]

A summary of mechanical and thermal characteristics of several PHAs is 
presented in Table 1. In different applications, these PHAs can provide the role 
of substitute in place of petrochemical plastics. Presently, the world’s largest 
industrial manufacturer of PHA is an American company named, Metabolix, 
and is based in Cambridge, MA, USA (www.metabolix.com). As per the 
joint venture between Metabolix and Archer Daniels Midland, the company 
will produce P(3HB-co-4HB), copolymer poly (3-hydroxybutyrateco-4-
hydroxybutyrate) in large quantities from corn sugar using engineered 
bacterial strains. Other companies that produce PHA are operational all over 
the world, for example, Biocycle in Brazil and TianAn Biologic Materials in 
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China. Recently, a bioplastic production plant has been opened in Malaysia 
for the experimental purpose for the production of PHA from palm oil 
products by employing engineered R. eutropha (Budde et al., 2011).

Table 1. Mechanical and thermal characteristics of petrochemical polymers and 
PHA polymers

Polymer T
m
 

(°C)
T

g
 

(°C)
Young’s 
modulus 
(GPa)

Tensile 
strength 
(MPa)

Elongation 
to break

(%)

Reference

P(HB-co-10 
mol% HHx)

127 −1 nda 21 400 (Doi, 
Kitamura, 
& Abe, 
1995)

PHB 177 4 3.5 43 5 (Sudesh, 
Abe, & 
Doi, 2000)

P(HB-co-12 
mol% HHx)

103 −2 0.5 10 130 (Wei & 
Shen, 
2010)

P(4HB) 53 −48 0.15 104 1000 (Saito & 
Doi, 1994)

P(HB-co-15 
mol% HHx)

115 0 nda 23 760 (Doi et al., 
1995)

Polystyrene 240 100 nda nda nda (Sudesh et 
al., 2000)

P(3HB-co-12 
mol% 4HB)

124 −4 0.54 25 630 (Wei & 
Shen, 
2010)

Polypropylene 176 −10 1.7 38 400 (Sudesh et 
al., 2000)

LDPE-b 130 −30 0.2 10 620 (Sudesh et 
al., 2000)

and = not determined in the indicated study, blow-density polyethylene

The question arises that what makes a biopolymer appropriate for 
production on an industrial scale. The PHA polymer must have valuable 
physical as well as thermal properties due to which it can replace petroleum-
based plastics, for instance polypropylene. As mentioned in Table 1, the 
polyhydroxybutyrate (PHB) homopolymer is quite brittle and stiff and 
therefore can only be used for a limited range of applications. Copolymers 
of PHA exhibit excellent characteristics. The reason behind this is the 
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decrease in the crystallinity which results from the interactions between 
two different chain length monomers in the polymer (Anderson & Dawes, 
1990; Anderson, Haywood, & Dawes, 1990; Brigham, Kurosawa, Rha, 
& Sinskey, 2011). Different copolymers such as P(3HB-co-3HV) (3HV 
= 3-hydroxyvalerate), P(3HB-co-4HB), and P(3HBco-3HHx) (3HHx = 
3-hydroxyhexanoate) have been extensively studied for their prospective 
applications in various fields as a substitute for petrochemical polymers. 
These polymers are biodegradable, biobased, and biocompatible (Holmes, 
1985; Philip, Keshavarz, & Roy, 2007; Chen, 2009). Every single type of 
copolymers is an attractive substitute for petroleum-based polymers and 
therefore has been under production in large quantities on a commercial 
scale.

2.2.3 Fermentative manufacturing of PHA polymers

Industrial-level production of PHAs needs many challenges to be overcome. 
Notably, high-cell-density development is a requirement to maximize the 
volumetric production of fermentation of microorganisms. In various cases, 
an E. coli strain is used for the biosynthesis of polymers (Wang & Lee, 1998; 
Choi, Lee, & Han, 1998; Choi, Lee, & Han, 1999; Choi & Lee, 1999). Since 
wild-type, E. coli cannot produce 3-hydroxyacyl-CoAs (3HA-CoA) de novo 
for the synthesis of the polymer, the pathway of PHA production should 
be supplied heterologously. Some benefits of employing a recombinant E. 
coli strain in the clued rapid rate of growth and the fact that biosynthesis of 
PHA is not restricted by the limitation of nutrient in a recombinant strain; 
therefore cell keeps producing PHA associated with growth. An E. coli 
strain exhibiting genes of PHA biosynthesis and overexhibiting FtsZ (a 
cell division protein) gathered PHB to a concentration of around 104 g/l in 
fed-batch conditions (Choi & Lee, 1999). E. coli exhibits production genes 
of PHA from Alcaligenes latus. The concentration of PHB >140 g/l was 
acquired in fed-batch culture using E. coli. The similar strain was employed 
in a fed-batch culture containing propionic acid feeding. P (HB-co-HV) was 
manufactured with a productivity greater than >2.8 g/l/hour (Wang & Lee, 
1998). For the production of P (HB-co-HHx), recombinant E. coli has also 
been used with ultimate productivities of ~0.5 g PHA/l/hour (Park et al., 
2002; Tian et al., 2005). An attractive species for the production of PHA on 
an industrial scale is R. eutropha. Bacteria are native producers of PHA; as a 
result, regulatory systems and the cellular machinery are already in suitable 
places for the production of large quantities of PHA (Wilde, 1962; Tsuge, 
Tanaka, & Ishizaki, 2001; Yang et al., 2010). Moreover, R. eutropha can 
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utilize an extensive array of carbon sources for polymer as well as growth 
biosynthesis including organic acids, sugars, fatty acids, CO

2
, and plants 

(Kahar, Tsuge, Taguchi, & Doi, 2004; Brigham et al., 2010; Budde et al., 
2011). Hence, it is possible to produce a polymer in large quantity and at 
competitive prices by making use of cost-effective feedstocks such as food 
processing and agricultural wastes, concentrated CO

2
, and unrefined natural 

products (e.g., plant oils). In case of industrial polymer production, it is 
critical to get high production rate (i.e., space–time yield) of PHA (Ng, 
Ooi, Goh, Shenbagarathai, & Sudesh, 2010; Budde, Riedel, Willis, Rha, & 
Sinskey, 2011). Over the recent years, researchers have tried their best to 
enhance the yield of biomass along with an increase in the yield of PHA 
(Volova, Kalacheva, & Altukhova, 2000; Volova & Voinov, 2003; Riedel 
et al., 2012). Whereas for the production of TAG, culture carbon/nitrogen 
(C/N) ratios are vital to maximizing productivity, high productivity of PHA 
can be acquired from the limitation of phosphate or nitrogen (or another 
nutrient) in cultures. When R. eutropha was cultivated in fed-batch culture 
using steep corn liquor, it was observed that productivities of PHA were 
over 1.0 g/l/hour (Kim et al., 1994; Ryu Hahn, Chang, & Chang, 1997). For 
maximizing PHA production using R. eutropha, culture systems consisting 
of two stages have also been observed. The primary stage served as cell 
growth and thus produced maximum biomass, whereas the second stage 
consisted of accretion of PHB. The above-mentioned two cultures showed 
the maximum productivity of 1.2 g/l/hour with greater than 70% PHB 
per dry cell weight (Du, Chen, Yu, & Lun, 2001). Normally, nitrogen is 
responsible for restraining nutrient to trigger biosynthesis of polymer for 
the production of PHA in R. eutropha strains. High productivity has also 
been resulted by employing phosphate restriction, with productivity >1.5 g 
PHB/l/hour (Shang, Jiang, & Chang, 2003).

Despite the fact that high-productivity PHB production is a suitable 
method of demonstrating that R. eutropha can be employed for the efficient 
fermentation, still, PHA copolymer remains an ideal fermentation product 
due to their more suitable properties (see Table 1). Two researchers 
Anderson and Madden used an alternative feeding method by making use 
of propionic acid and sugar in R. eutropha fed-batch culture which resulted 
in the production of P (HB-co-HV) having productivity >1.5 g/l/hour. In 
this study, the ultimate 3HV content obtained was ~7.5 mol% (Madden, 
Anderson, & Asrar, 1998). P (HB-co-HHx) was formed using a strain of R. 
eutropha exhibiting a heterologous PHA synthase (obtained from Aeromonas 
caviae) with a productivity of merely above 1.0 g/l/hour. The sole carbon 
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source used in this case was soybean oil. The 3HHx fraction of the polymer, 
in this case, was around ~5 mol% (Riedel et al., 2012). Lately, a strain of R. 
eutropha was designed using a novel approach that expressed a PhaJ gene 
(from Pseudomonas aeruginosa) as well as heterologous PHA synthase 
(from Rhodococcus aetherivorans) for converting intermediates of fatty acid 
β-oxidation into (R)-3HACoA substrates for PHA biosynthesis. In fed-batch 
fermentations, the growth of this strain by employing palm oil as the only 
source of carbon and urea as the source of nitrogen ended in the biosynthesis 
of P (HB-co-HHx) with a productivity greater than 1.0 g/l/hour and a 3HHx 
content of around ~17 mol%. During this work, a comparison was made 
between PHA productivities of various feeding strategies with fed-batch 
fermentation as the ideal method of fermentation (Riedel et al., 2012). Some 
of the other high-density fermentations were also performed which resulted 
in the efficient production of P (HB-co-HHx). Using fatty acids as the only 
source of carbon, cultures of Aeromonas hydrophila produced P (HB-co-
HHx) having the productivity of ~1.0 g/l/hour (Lee et al., 2000). Moreover, 
using A. hydrophila grown on glucose, large-scale (20,000 l) fermentations 
were accomplished with a P (HB-co-HHx) productivity slightly greater 
than 0.5 (Ryu et al., 1997). The productivity of around 0.8 g PHA/l/hour 
experimented in the production of MCL-PHA in the fed-batch culture of 
Pseudomonas putida which were grown on mixed sugars (Diniz, Taciro, 
Gomez, & da Cruz Pradella, 2004). On the other hand, the productivity of 
2.0 was obtained with high-density P. putida cultures using the limitation of 
phosphate (Lee et al., 2000). The following table (Table 2) shows a summary 
of high-yield production of PHAs according to the latest studies.

Table 2. A summary of high-yield production of PHAs according to the latest 
surveys

Production 
organism

Polymer 
produced

Carbon source Biomass 
yield 
(g/l)

PHA 
yield 
(g/l)

Productivity 
(g/l/hour)

Reference

Ralstonia 
eutropha

PHB Glucose 208.0 139.0 3.1 (Shang, 
Jiang, & 
Chang 2003)

R. eutropha PHB Glucose 164.0 121.0 2.4 (Kim et al., 
1994)

Escherichia 
coli

PHB Glucose 194.1 141.6 4.6 ( Choi, Lee, 
& Han, 
1998)
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R. eutropha PHB Corn steep 
liquor

281.0 232.0 3.1 (Ry et al., 
1997)

Aeromonas 
hydrophila

P (HB-co-
HHx)

Oleic acid 95.7 43.2 1.0 (Lee et al., 
2000)

E. coli PHB Glucose 149.0 104.0 2.1 (Wang & 
Lee, 1998)

Aeromonas 
hydrophila

P (HB-co-
HHx)

Glucose and 
lauric acid

50 25 0.5 (Ryu, Hahn, 
Chang, & 
Chang, 
1997)

R. eutropha P (HB-co-
HV)

Glucose and 
propionic acid

84.0 65.5 1.6 (Madden, 
Anderson, & 
Asrar, 1998)

Pseudomonas 
putida

MCL-PHA Sugar cane 
carbohydrates

50.0 31.5 0.8 (Diniz et al., 
2004)

R. eutropha P (HB-co-
HHx)

Palm oil 140.0 104.0 1.1 (Riedel et 
al., 2012)

Pseudomonas 
putida

MCL-PHA Oleic acid 141.0 72.6 1.9 (Lee et al., 
2000)

E. coli P (HB-co-
HHx)

Dodecanoic 
acid

79.0 21.5 0.5 (Park, Ahn, 
Green, & 
Lee, 2001)

2.2.4 PHA Fabrication Challenges

Even though some researchers have shown scalable, robust PHA production 
in various systems, nevertheless, there are challenges need to be overcome. 
Most of the challenges are associated with the production of PHA in a cost-
effective manner, so that the cost of the finished product may compete with 
petrochemical-based plastics. For this purpose, the first step is to make 
use of inexpensive and readily available feedstocks for carbon substrates 
in PHA and growth production. Carbon dioxide is easily available and 
therefore has been utilized as the only source of carbon for the production of 
PHA (Ishizaki, Tanaka, & Taga, 2001; Volova, Gitelson, Terskov, & Sidko, 
1998). However, carbon dioxide needs to be concentrated on using it as 
carbon feedstock in an autotrophic fermentation, which presents a major 
challenge. Same is the case with fermentation parameters themselves, 
which also requires concentrated carbon dioxide (Dionisi et al., 2005; 
Cavalheiro, de Almeida, Grandfils, & Da Fonseca, 2009). Lately, research 
has been undertaken to investigate whether waste streams can be utilized as 
nutrient sources for the production of value-added products, for example, 
TAGs and PHA (Braunegg et al., 1999; Hassan et al., 2002 et al., 2009). A 
company named Hassan and his team has constructed a methodology for 
the production of PHA from organic acids which result from the absorption 
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of processing sludge from palm oil mill waste (Koller et al., 2005; Gouda, 
Omar, & Aouad, 2008). Production of the polymer has also been carried out 
from pure cultures by employing beet molasses, whey, waste glycerol, and 
jatropha oil (Page, Manchak, & Rudy, 1992; Wong & Lee, 1998).

Figure. 12. Applications of PHA in manufacturing of various composite ma-
terials

[Source: https://www.google.com/patents/US7887893]

Extensive research has been carried out for the production of PHA using 
mixed cultures with different species of bacteria, and most of the times, 
strains have been obtained from the same waste stream (Dias et al., 2006; 
Salehizadeh, 2004). This method of production normally involves enriching 
of PHA-producing cultures of microorganisms as well as proliferating stable 
cultures before harvesting of the polymer. This method of enriching a mixed 
culture for PHA production can be achieved by a microaerophilic–aerobic 
system. This system is responsible for controlling the content of oxygen of 
the culture for the selection of such bacteria which accumulate PHA over 
those bacteria which accumulate “feast/famine” cycling (known as aerobic 
dynamic feeding) or glycogen (Beun, Paletta, Van Loosdrecht, & Heijnen, 
2000; Satoh, Mino, & Matsuo, 1999). The selection of microorganisms that 
accumulate PHA is made by their capability to make use of a polymer as 
a nutrient (Majone, Massanisso, Carucci, Lindrea, & Tandoi, 1996). The 
main benefit of the mixed culture is that conditions of cultivation do not 
essentially have to be sanitized, which therefore will save costs of energy. 
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There is also no need for purifying feedstocks even though often acetate 
has been used as a source of carbon to enrich for bacteria producing PHA. 
Nonetheless, there are several challenges related to the production of mixed 
culture PHA such as the development of culture selection approaches toward 
higher yields of PHA and productivities (Serafim, Lemos, Albuquerque, & 
Reis, 2008). As there are some unknown or uncharacterized as well as wild-
type microorganisms in the mixed culture, the resultant PHA produced (e.g., 
PHB) may not come out to be suitable for several applications; hence, the 
result of this process is dependent on the microbial input. Moreover, there 
exist some downstream challenges associated with the production of PHA on 
an industrial scale (Choi & Lee, 1999). The harvesting of biopolymer from 
cells exhibits challenges in the construction of an inexpensive production 
process. Several different chemicals have been investigated for the recovery 
of polymers (Dong & Sun, 2000). Among these chemicals include sodium 
hypochlorite, NaOH, methyl ethyl ketone (MEK), chloroform, ethyl acetate, 
methyl isobutyl ketone (MIBK), and aqueous detergent solutions (Ramsay, 
Berger, Voyer, Chavarie, & Ramsay, 1994; Kurdikar, Strauser, Solodar, 
Paster, & Asrar, 2000). For the recovery of PHA, ideal compounds are 
those that can be reused, can be recycled, and can easily be separated from 
aqueous solutions (Shang et al., 2003; Kim, Cho, Ryu, Lee, & Chang, 2003; 
Yang, Brigham, Willis, Rha, & Sinskey, 2011). From the above-mentioned 
list of chemicals, the most promising chemicals for the recovery of highly 
pure PHA from biomass are MIBK and MEK. Not all solvents will be 
able to recover all types of PHA successfully. For instance, MIBK is more 
suitable for those PHAs which contain longer-chain-length monomers, 
whereas it is less effective with PHB. Some other methods for recovery 
have been performed to extract PHA from biomass, including controlled 
autolysis, enzymatic digestion, and dissolved air flotation (Yasotha, Aroua, 
Ramachandran, & Tan, 2006; Van Hee, 2006; Martínez, García, García, 
& Prieto, 2011). However, it is not sure whether or not these alternative 
recovery approaches would be desirable in an industrial setting.

2.2.5 Overview of Polyhydroxyalkanoates

At present, in the market, PHAs are used as biodegradable, renewable 
alternative to conventional plastic. PHA has various uses in several 
industrial, household, as well as medical applications. Even though PHA, 
when produced in a large amount, is comparatively not very expensive, still 
its price is more than plastics which are made from petroleum. The cost of 
production of PHA can be reduced using several waste streams, such as 
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food processing waste, milling waste, agricultural waste, or even emissions 
of concentrated CO

2
. This will help in making PHA a more economically 

viable polymer as compared to the conventional plastics. Additionally, 
to make the production of bioplastics a greener process, it is significant 
to employ environmentally friendly methods of polymer recovery from 
cells; for instance, using recyclable and non-halogenated solvents, we 
can make the production of bioplastics a greener process. Given that 
polyhydroxyalkanoates can be customized to show similar characteristics 
such as petroleum-based plastic, a more cost-effective and robust process 
of production is required to compete in the present market of plastics. In 
few cases, this kind, of course, is already in practice and thus helping in the 
advancement of the bioplastic industry on a global scale.

2.3 TRIACYLGLYCEROLS

Triacylglycerols (TAGs) are storage lipids possessing a non-polar and 
neutral nature. This particular nature permits them to be conveniently stored 
in anhydrous environments and the chief storage molecules of fatty acids 
for the synthesis of membrane lipids as well as energy utilization in living 
beings (Yen, Stone, Koliwad, Harris, & Farese, 2008). TAGs are the type of 
esters in which three fatty acid molecules are associated with glycerol. These 
fatty acids can be of all different kinds, all the same kind, or else merely two 
and may perhaps consist of unsaturated or saturated fatty acids. In naturally 
occurring TAGs, the lengths of a chain of the fatty acids mostly differ, but 
consist of 16 or 18 atoms of carbon. Naturally occurring fatty acids that are 
present in plants and animals are mostly composed of just even numbers of 
atoms of carbon, therefore exhibiting the path to their biosynthesis using the 
two-carbon building block acetyl-CoA (Murphy, 2001; Durrett, Benning, 
& Ohlrogge, 2008). On the other hand, bacteria can synthesize branched 
and odd chain fatty acids. The physicochemical characteristics of TAGs 
are mainly dependent on the length of the chain, nature of the fatty acids 
present, and to the extent to which their fatty acids are desaturated. TAGs 
have been employed in several versatile materials, for example, cosmetics, 
oleochemicals, and food applications; moreover, they are gaining more 
attention owing to their growing interest in alternative fuels (Lestari, Mäki‐
Arvela, Beltramini, Lu, & Murzin, 2009).

2.3.1 Triacylglycerols for Production of Biofuel

It is an acknowledged fact that the fatty acyl chains of TAGs are analogous 
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(chemically) to the aliphatic hydrocarbons that build up the bulk of 
molecules present in diesel and gasoline (Ryan, Dodge, & Callahan, 1984; 
Ali & Hanna, 1994). Around 120 years ago, when diesel engines were 
first invented, vegetable oil was used to run them. This vegetable oil was 
composed mainly of triacylglycerols. As with time, petroleum has become 
inexpensive as well as abundant. Therefore, the use of vegetable oil as a 
source of fuel has been sidelined, and the development of the diesel engine 
has been founded on the efficiency of petroleum-derived diesel fuel. 
However, with the sudden increase up to fourfold in the prices of petroleum, 
the interest in the production of biofuel has been reawakened globally.

Figure 13. Production of biodiesel from triglyceride and alcohol

[Source: http://www.sciencedirect.com/science/article/pii/S246802571-
6300164]

Since 1973, the main development in the production of biobased 
alternative fuel has been under progress in those countries which have no 
or minimal resources of internal petroleum (Manzanera, Molina-Muñoz, & 
González-López, 2008). Afterward, the price of oil rose steadily between 
2003 and 2008. In 2003, one barrel of crude oil priced around $30 in the New 
York Mercantile Exchange which, in 2005, reached up to $60 and afterward 
peaked at $147 in 2008 (http://tfccharts.com/chart/QM/W). Therefore, 
variation in the cost of petroleum fuel, reducing reserves of petroleum, and 
increasing concerns about the impacts of enhancing levels of atmospheric 
carbon dioxide are intensifying the research on various renewable biofuels 
which can help in reducing our present usage of fossil fuels (Hill, Nelson, 
Tilman, Polasky, & Tiffany, 2006). For the last few years, significant efforts 
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have been made for the development of bioethanol as a substitute fuel (Jarboe, 
Grabar, Yomano, Shanmugan, & Ingram, 2007). Nonetheless, bioethanol 
has some restrictions, for example, high vapor pressure, corrosiveness, and 
low energy density which hinder its extensive utilization given the common 
infrastructure (Yan & Liao, 2009). One imaginable way out to this problem 
can be the exploitation of TAGs for producing lipid-based biofuels. Biofuels 
with different properties and compositions can be formed using different 
TAG-based bioprocesses. One such example is biodiesel which is developed 
by transesterification of TAGs with alcohol, commonly methanol. This takes 
place in the occurrence of an alkaline catalyst and hence creates monoalkyl 
esters of long-chain fatty acids, for instance, fatty acid ethyl esters (FAEEs) 
and fatty acid methyl esters (FAMEs). During the mid-1980s to early 2000s, 
most research carried out on the production of biodiesel has paid focus 
on vegetable oils from oleaginous plants (Ma & Hanna, 1999; Fjerbaek, 
Christensen, & Norddahl, 2009).

According to the recent research, the use of raw vegetable oils in diesel 
engines gives rise to several different problems such as injector coking, 
deposits, and piston ring sticking. These problems can be avoided or 
reduced by transesterification of vegetable oil to produce ethyl or methyl 
esters (Canakci & Van Gerpen, 2001; Azócar, Heipieper, & Navia, 2010). 
Majority of the biodiesel that is produced presently employs an extensive 
range of both edible and non-edible vegetable oils, frying oil, animal fats, 
and waste cooking oil. A more comprehensive review of the production 
of biodiesel is available in the literature (Knothe, 2010; Canakci & Sanli, 
2008). The biodiesel offers several environmental benefits, such as the low 
amount of sulfur dioxide in emissions during burning and low levels of 
suspended particulate matter; hence, it is possible to use it in most diesel 
engines with slight or even no alteration. Few physical restrictions have 
been underlined when these molecules are utilized as the only source of fuel 
and not just as blend stock because of cold flow characteristics (Vasudevan 
& Briggs, 2008). Since the early 2000s, another type of biofuel, commonly 
termed as “renewable diesel,” has been gaining much attention. This 
diesel is manufactured from TAGs, in the presence of a catalyst through a 
hydro-de-oxygenation reaction (Brigham et al., 2011; Schatz, Witkowski, 
& McCombie, 2012). The extended benefit of the process is the flexibility 
of its feedstock, which shows that renewable diesel can be treated using 
an extensive variety of feedstocks which contain TAG—animal fats, 
weedy plants, algae, oleaginous microorganisms, and waste oils (Clark, 
Luque, & Matharu, 2012). TAGs are converted to different products, for 
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example, gasoline, kerosene, diesel, and jet fuels, all containing paraffinic 
hydrocarbons. After that, the chain length of hydrocarbons is kept under 
control to deliver a distribution that is alike in nearly all aspects of 
commercially available petroleum-derived fuels (Meng et al., 2009; Brigham 
et al., 2011). Thus, in a nutshell, we can say that at present, energy-rich TAG 
molecules have appealed great attention for the development of high-quality 
and environmental-friendly lipid-based biofuels.

2.3.2 Triacylglycerol Synthesis in Bacteria

There is an extensive distribution of TAG biosynthesis in nature, and the 
existence of TAG in the form of reserve compounds is prevalent among 
animals, plants, fungi, and yeast. However, in contrast, they have not been 
considered as general storage compounds in bacteria. Both accumulations 
and biosynthesis of TAGs have been defined merely for a few bacteria 
which belong to the actinomycetes group, such as genera of Rhodococcus, 
Streptomyces, Mycobacterium, Nocardia, Gordonia, and Dietzia and, to a 
smaller extent, in some other bacteria, including Alcanivorax borkumensis 
and Acinetobacter baylyi. The existence of TAGs in the form of vacuoles in 
bacteria has been previously reported in Streptomyces and Mycobacterium 
in the 1940s to 1960s. Moreover, a systematic study on TAG formation at 
the time of growth has been reported in the 1990s with Streptomyces sp. 
(Olukoshi & Packter, 1994). TAGs are stored in the form of sphere-shaped 
lipid bodies such as intracellular insertions, with the quantity dependent on 
the corresponding species, growth phase, and cultural conditions. Normally, 
the main factor for the fabrication of TAGs is the quantity of nitrogen that 
is provided to the culture medium. The surplus carbon, which is accessible 
to the culture after exhaustion of nitrogen, is being absorbed by the cells 
and is directly converted into lipids owing to the oleaginous bacteria 
which possess the essential enzymes. The structures and compositions of 
TAG molecules of bacteria differ significantly depending on the cultural 
conditions (particularly carbon sources) as well as on bacterium. Manilla‐
Pérez, Lange, Luftmann, Robenek, & Steinbüchel (2011) published 
revolutionary work for the production of TAG in bacteria. For the past few 
years, many researchers are investigating the aspects of the biochemistry 
and the physiology of bacterial TAG accretion, as well as the molecular 
biology of the lipid inclusion (Kalscheuer et al., 2007; Kosa & Ragauskas, 
2011; Santala et al., 2011).
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2.3.3 Triacylglycerol Synthesis of Rhodococcus opacus PD630

Numerous species of bacteria do not accumulate considerable amounts 
of TAGs, and the content is normally around 20–40% of dry mass. In 
the domain of oleaginous bacteria, research carried out by Alvarez and 
coworkers has confirmed that R. opacus PD630 (DSMZ 44193), when 
grown on defined medium carrying olive oil, can accumulate TAGs which 
account for as high as 87% of the cell dry weight (CDW). A soil sample was 
obtained from a gas work plant in Germany, and then, strain was isolated 
from this sample as an oleaginous hydrocarbon-mortifying bacterium. They 
were able to grow this sample on long-chain-length gluconate, alkanes, 
acetate, propionate, fructose, phenylacetic acid and phenyldecane (among 
others) and could create an amazingly high quantity of TAGs intracellularly. 
This quantity was significantly more than the other bacteria at a time when 
the cells were cultured on analogous substrates under nitrogen-limiting 
conditions. According to a report, R. opacus PD630 when cultivated in fed-
batch conditions on a medium which was composed of sugar beet molasses 
and sucrose achieved a cell density of about 37.4 g−1 CDW with the content 
of fatty acid reaching around 51.9% of the CDW. This observation further 
suggested that we can apply the fermentation on carbon sources from 
agricultural yield for the biotechnological fabrication of TAGs (Voss & 
Steinbüchel, 2001). To produce “second-generation biofuel technologies” 
in an appropriate manner and to further avoid the conflict of food and fuel, 
it is a must to develop lignocellulosic biomass as feedstocks for production 
of the TAG (Stein, 2007; Tollefson, 2008). Lignocellulosic biomass accepts 
cellulose which is a glucose polymer. Nevertheless, production of the 
TAG of R. opacus PD630 on glucose as a source of carbon had not been 
demonstrated up till recently. We found out that R. opacus PD630 has 
the unique ability to accumulate a lot of TAGs in batch cultivation which 
contains a high amount of glucose under defined circumstances (Kurosawa, 
Boccazzi, de Almeida, & Sinskey, 2010).

2.3.4 Fermentation of R. opacus PD630 by Higher Concentra-
tions of Glucose

For maximization of volumetric productivity of microbial fermentation, 
cultivation of high cell density is vital (Riesenberg & Guthke, 1999). In this 
regard, the affluent execution of the fermentation is mainly dependent on the 
capability of the bacterial strain which is employed to deal with stress forced 
by high concentrations of sugar (Teixeira, Raposo, Palma, & Sá-Correia, 
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2010). The growth rate of R. opacus PD630 was examined in flask cultures 
on a distinct medium having initial concentrations of glucose around 200, 
250, 300, and 350 g l−1 at preliminary inoculums of 1.0 OD660. The strain 
grew in good health on medium holding up to 300 g l−1 and reached a 
standstill phase after 48 hours on 200 g l−1, 72 hours on 250 g l−1, and 96 
hours on 300 g l−1. The growth was repressed at the maximum concentration 
of glucose of 350 g l−1, as is shown in Figure 3. Therefore, R. opacus PD630 
can prove to be an ideal candidate for industrial fermentations which require 
consumption of high concentrations of glucose, whereas our preface studies 
have demonstrated the existence of high concentrations of (NH

4
)

2
SO

4
 in the 

media which consequences in a simultaneous reduction in the storage of 
TAG among the cells.

Figure 14. The growth of R. opacus PD630 from high concentrations of glu-
cose concentrations in flask cultures. The concentrations of glucose tested in 
defined media containing 1.4 g l−1

[Source: https://www.omicsonline.org/bacterial-carbon-storage-to-value-add-
ed-products-1948–5948. S3–002.php? aid=2836]

Various preceding reports have verified that storage of carbon in several 
bacteria is profoundly subjective to the ratio of carbon to nitrogen (C/N). The 
impacts of change in the C/N ratio on production of the TAG of R. opacus 
PD630 were observed by the amalgamation of several concentrations of 
(NH

4
)

2
SO

4
 and glucose. The results were obtained by altering the quantity 

of (NH
4
)

2
SO

4
 and glucose in the medium starting from 5 to 60 g l−1 and 0.3 

to 2.8 g l−1, respectively. As is shown in Figure 15, when the concentration 
of (NH

4
)

2
SO

4
 was augmented from 0.3 to 1.4 g l−1 while having the 

concentrations of glucose from 20 to 40 g l−1, the production of fatty acid 
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and CDW increased proportionally from 1.0–1.1 to 4.0–4.9 g l−1 and 1.9–2.2 
to 7.8–9.2 g l−1, respectively. This production concentration is equivalent to 
a cellular fatty acid concentration of 50–55% CDW.

In the meantime, when the concentration of (NH
4
)

2
SO

4
 of the medium 

was further enlarged to 1.7 g l−1, the content of the fatty acid and CDW 
decreased to 52–59 and 58–73%, respectively. After the measurement of 
the final pH of the culture, it was observed that increasing concentrations of 
(NH

4
)

2
SO

4
 resulted in lowering the final pH. The broth supernatants of R. 

opacus PD630 cultivated in a particular medium which was composed of 
more than 1.7 g l−1 (NH

4
)

2
SO

4
 had the concluding pH value of 4.2–4.8. 

Figure 15. The effects of (NH
4
)

2
SO

4
 and glucose concentrations on pH of the 

culture. (a) Representation of fatty acid content, (b) representation of CDW, and 
(c) representation of fatty acid creation (d) by R. opacus PD630 in flask culture

[Source: https://www.omicsonline.org/bacterial-carbon-storage-to-value-add-
ed-products-1948–5948. S3–002.php? aid=2836]

These results indicate that a decrease in pH represses growth and 
resultantly reduces production of lipid when R. opacus PD630 is cultivated 
under unrestrained pH cultivations. Under controlled pH conditions, 
batch fermentations permitted for the enhancement in the concentrations 
of (NH

4
)

2
SO

4
 and glucose in the medium, which resulted in a remarkable 

increase in TAG production (Kurosawa et al., 2010). For maximizing the 
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production of fatty acids, the critical operational C/N ratio was optimized 
using a response surface procedure which was based on the Box–Wilson 
central composition design. The used design predicted that cultivation of 
R. opacus PD630 in a particularly defined medium having a C/N of 17.8 
and comprising of 13.4 g l−1 (NH

4
)

2
SO

4
 and 240 g l−1 glucose would lead 

to the highest production of 25.1 g l−1 of fatty acids (Figure 5). Cultivation 
of R. opacus PD630 in batch fermentations with the previously mentioned 
predicted favorable conditions resulted in the production of 25.2 g l−1 of 
fatty acids which correspond to around 38% of the cell dry weight after 147 
hours of cultivation. The fatty acid piled up in the cells is mainly composed 
of oleic acid (25%), palmitic acid (28%), and cis-10-heptadecenoic acid 
(16%). These results show the high potential of R. opacus PD630 as a 
TAG producer for industrial production of lipid-based biofuels on starchy 
lignocellulosic biomass that is composed mainly of glucose polymers.

2.3.5 Fermentation of R. opacus PD630 on starchy lignocellu-
losic sugars

An investigation was carried out on the lipid accumulation and growth 
characteristics of R. opacus PD630 on saccharified solutions which were 
derived from corn silage. A company known as Sweetwater Energy Inc. 
(Rochester, NY, USA) provided the corn silage which was homogenized 
by acid treatment. The feedstock that was not digested was adjusted to a pH 
level of 5.0, and industrial enzymes comprising of 0.5 ml Celluclast and 2 ml 
Viscozyme L were appended into 100 ml of the suspension which contained 
the silage of 67 g l−1 in the form of the dried mass. The saccharification 
process was carried out with a rotational speed of 200 rpm and at 45°C. 
As is shown in Figure 6, after 72 hours of incubation, the resulted sugar of 
the hydrolysate comprised of 3.1 g l−1 xylose, 32.2 g l−1 glucose, 3.6 g l−1 
other unidentified sugars, and 0.7 g l−1 arabinose. These results show that 
we can convert around 50% of the feedstock to monosaccharides. As it is 
common knowledge that there are large quantities of starch present in the 
feedstock, therefore around 0.5 ml of glucoamylase was mixed into 100 
ml of the feedstock during a separate treatment. Afterward, incubation of 
the suspension was carried out at 45°C for 72 hours at 200 rpm (data not 
shown).

The HPLC statistics of the hydrolysate indicated that glucose is present 
as a major sugar with more than 96% selectivity. Considering that 28 g l−1 of 
glucose was identified in the supernatant when glucoamylase unaccompanied 
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was appended into the saccharified and feedstock suspension (67 g l−1), it 
indicates that the feedstock contained around 35% starch.

Figure. 16. The response surface curve showing the varying concentrations of 
(NH

4
)

2
SO

4
 and glucose on fatty acid synthesis by R. opacus PD630

[Source: https://www.omicsonline.org/bacterial-carbon-storage-to-value-add-
ed-products-1948–5948. S3–002.php? aid=2836]

The impacts of application of the saccharified solution of corn silage on 
the progress of R. opacus PD630 were observed in flasks. Subjected to the 
required conditions, after 72 hours of incubation, the saccharified solution 
was synched with 7.2 pH with 1 M NaOH and either concentrated by freeze-
drying or diluted with deionized water as shown in Figure 6. While exam-
ining the growth of the cell in the saccharified solution, application of a 
100% stock intended for feeding leads to inhibition of growth. Therefore, 
researchers made use of 3:1 saccharified solution/water (designated “75%”) 
or diluted stocks of 1:1 saccharified solution/water (designated “50%”). As 
depicted in Figure 7, the growth of PD630 started taking place in a particular 
medium which composed of 1 g l−1 (NH

4
)

2
SO

4
 and 18 g l−1 glucose and in 

media which contained 75% (30 g l−1 of fermentable sugars) and 50% (20 g 
l−1 of fermentable sugars) levels of the saccharified solution after cultivation 
of 24 hours, whereas after cultivation of 72 hours, it started growing in undi-
luted solution (40 g l−1 of fermentable sugars). On the other hand, utilization 
of a concentrated solution (50 g l−1 of fermentable sugars) showed inhibition 
of growth on R. opacus PD630 (data not shown). These results proposed that 
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apparently, the hydrolysate of corn silage comprises of particular growth-
restraining compounds, as R. opacus cells can grow by employing sugars as 
a source of carbon. Furthermore, a distinct difference was observed in the 
percentage of fatty acids present per CDW between the saccharified solu-
tion fermentation and the defined medium. The content of fatty acid in the 
fermentation of defined medium, which contained 1 g l−1 (NH

4
)

2
SO

4 
and 18 

g l−1 glucose, was higher than 50% of the CDW at the fixed phase of growth 
after cultivation of 96 hours. While in the fermentation of the 50% sacchari-
fied solution which consisted of 3.7 g l−1 other sugars and 16.1 g l−1 glucose, 
the content of fatty acid found was 34.3 (±4.0)% of CDW at the cultivation 
of 96 hours and reduced gradually after accomplishing the maximum accu-
mulation of fatty acid. Hence, this result suggested that the C/N ratio of the 
solution got unbalanced using the saccharified solution, with an addition of 
nitrogen source above carbon source.

Figure 17. Saccharification of corn silage with industrial enzymes; the adjust-
ment of homogenized feedstock (i.e., 67 g l−1 of dried material stuff) was carried 
out adjusted to the pH value of 5.0. The addition of Novozymes (0.5 ml Cel-
luclast sand 2 ml Viscozyme L) into the suspension of 100 ml was carried out 
followed by the hydrolysis at 200 rpm at 45°C. The error bars show the standard 
deviations of the three (3) independent replicates.

[Source: https://www.omicsonline.org/bacterial-carbon-storage-to-value-add-
ed-products-1948–5948. S3–002.php? aid=2836]

Another important observation on lipid production was made by adding 
glucose by R. opacus PD630 cultivated on the saccharified solution in 
flasks. PD630 was cultivated on the 75% saccharified solution which was 
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appended with 10, 20, or 30 g l−1 of glucose, or without any of it, and the 
time duration of production of fatty acid was investigated in flask cultures. 
As is shown in Figure 8, fermentations that allow modifications such as 
adding extra glucose into the 75% solution comprising of 30 g l−1 of sugars 
caused a substantial increase in the production of fatty acid and the content 
of fatty acid of the CDW in comparison with the solution which lacked extra 
glucose. After cultivation of 120 hours, the production of fatty acid and the 
CDW of PD630 developed in the solution not containing any excess glucose 
were 4.4 (±0.7) and 14.2 (±1.3) g l−1, which shows the fatty acid presence 
of 31.0 (±2.0)% CDW, respectively. On the other hand, the fatty acid 
production of 8.9 (±0.3) g l−1 and the CDW of 16.9 (±1.1) g l−1 correspond 
to the fatty acid presence of 52.7 (±2.1)% CDW, respectively. The content 
of fatty acid was observed to be maximum when around 20 g l−1 of glucose 
was supplemented into the solution. The amount of fatty acid in the solution 
appended with 20 g l−1 of glucose was equivalent to that of [55.0 (±3.0)% 
CDW] in a particularly defined medium comprising of 1 g l−1 (NH

4
)

2
SO

4
 

(Fig. 18) and 18 g l−1 glucose.

Fig. 18. Production and growth of lipids from R. opacus PD630 with different 
saccharified corn silage in flasks. The inoculation of the strain in the sacchari-
fied solution was around 100 (▲), 75 (□), and 50% (○). The solutions along 
with a defined media (x) comprising of 1 g l−1 (NH

4
)

2
SO

4
 and 18 g l−1 glucose 

at an initial OD 660 of about 0.3. A diluted saccharified stock, having a dilution 
ratio of 3:1 with the addition of water, is categorized as 75%, while a diluted 
saccharified stock, having a dilution ratio of 1:1 with the addition of water, is 
categorized as 50%. The error bars show the standard deviations of the three (3) 
independent replicates.
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[Source: https://www.omicsonline.org/bacterial-carbon-storage-to-value-add-
ed-products-1948–5948. S3–002.php? aid=2836]

Figure 19 demonstrates the morphology of lipid body of R. opacus 
PD630 cultivated in a 75% saccharified silage solution which was appended 
with approximately 20 g l−1 of glucose for a time duration of 120 hours in 
flask cultures.

R. opacus PD630 cultivated in the saccharified solution contains 
numerous small lipid bodies which more or less fill the entire cytoplasm of 
the cells. This behavior is quite similar to what has been observed in cells 
grown in a defined medium.

Figure 19. Effect of glucose addition on the production of lipid by R. opacus 
PD630 developed from the saccharified corn silage in flasks. The inoculation of 
the strain in the saccharified solution was around 75% solution appended with 
30 (▲), 20 (□), or 10 g l−1 glucose at an initial OD 660 of about 0.3 without a 
medium (x). The error bars show the standard deviations of the three (3) inde-
pendent replicates

[Source: https://www.omicsonline.org/bacterial-carbon-storage-to-value-add-
ed-products-1948–5948. S3–002.php? aid=2836]

These results showed that saccharified solution from corn silage 
comprises adequate nutrients for the production of TAGs by R. opacus 
PD630, even though the (C/N) ratio in the composition of the solution has 
been optimized for high production of lipids.
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Figure. 20. Fluorescent image of stained cells of R. opacus PD630 tainted with 
the lipophilic fluorophore, that is, Nile Red. Cells were produced in a nominal 
medium inclosing a solution of saccharified corn silage for 120 hours in a flask 
culture.

[Source: https://www.omicsonline.org/bacterial-carbon-storage-to-value-add-
ed-products-1948–5948. S3–002.php? aid=2836]

2.4 OUTLOOKS OF BACTERIAL TAG FOR BIOFU-
ELS

Several countries are now focusing on the development of sustainable and 
clean energy sources (Du, Li, Sun, Chen, & Liu, 2008). Among different 
achievable sources of renewable energy, ones that are of greatest interest 
include advanced liquid (lipid-based) fuels, for example, biojet fuel, and 
biodiesel. These cutting-edge fuels are expected to play a significant role 
in the future for the global energy infrastructure. TAGs are being used 
as pioneers for producing lipid-based biofuels, and presently, the major 
sources for TAG include animal fats, vegetable oils, and waste cooking oils. 
However, the biofuels that are manufactured from crop seeds have been 
under inspection due to fuel vs. food competition problem. Microalgae can 
produce a significant amount of TAG, and so recently, it has been started 
to consider it as an attractive alternative feedstock for lipid-based fuels. 
Studies have been carried out to produce TAG by microalgae by employing 
the best available cultivation procedures and strains; however, it has led 
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to lower production of TAG than the theoretical maximum (Radakovits, 
Jinkerson, Darzins, & Posewitz, 2010; Chen, Yeh, Aisyah, Lee, & Chang, 
2011; Singh, Nigam, & Murphy, 2011). In spite of the positive effects 
which can be gained by the commercialization of TAG-based biofuels, the 
inadequate supply of bioresources for obtaining a TAG for the production of 
lipid-based biofuels represents major bottleneck at present. One alternative 
way for the production of TAGs is to use heterotrophic organisms which 
are known for producing TAGs from lignocellulose-derived sugars. Hence, 
now bacteria are thought as one of the more promising potential sources of 
TAG for the production of lipid-based biofuels. This is because they contain 
various favorable qualities such as ease of cultivability, fast rate of growth, 
and having the characteristic of being a renewable source of biomass (Li, 
Du, & Liu, 2008; Rude & Schirmer, 2009). While few bacteria are known 
to accumulate TAG, one of particular significance is R. opacus PD630. The 
intracellular lipid amount in these bacteria can reach to greater than 70% 
of the entire cellular dry weight in cells which are cultivated on olive oil or 
gluconate as the only sources of carbon under limited growth conditions. 
Since mid-1990s, research has been continuing on this particular strain 
(Alvarez, Alvarez, Kalscheuer, Wältermann, & Steinbüchel, 2008). Lately, 
experiments have shown that R. opacus PD630 has a suitable possibility for 
industrial fermentations. Research has been continued on a global level to 
accumulate TAGs in bacteria (Elbahloul & Steinbüchel, 2010; Haenisch, 
Wältermann, Robenek, & Steinbuechel, 2006). Even though apparently 
it seems feasible to modify the performance of bacteria for improving its 
TAG accumulation of lignocellulosic biomass and resultantly establishing 
an economical consolidated bioprocess; but various complications have 
negatively impacted the attainment of lower costs of production on a large 
scale (Hänisch, Wältermann, Robenek, & Steinbüchel, 2006).

Lignocellulose is a widely occurring but underutilized renewable 
feedstock. However, it is a compound containing rigid cellulose fibers 
which are implanted in a cross-linked matrix of hemicellulose and lignin 
that help in binding the fibers. To convert lignocellulosic biomass into 
TAGs, the hemicelluloses and celluloses are required to be fragmented into 
their corresponding monosaccharides so that bacteria may use them for lipid 
production and growth (Lennen & Pfleger, 2013; Galbe & Zacchi, 2007; 
Kumar, Barrett, Delwiche, & Stroeve, 2009). One of the main challenges 
that need to be overcome is to deal with the presence of cell growth inhibitors 
which are generated in the course of the treatment of lignocellulosic biomass 
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(Margeot, Hahn-Hagerdal, Edlund, Slade, & Monot, 2009; Parawira & 
Tekere, 2011). The existence of lignin in lignocellulosic hydrolysates causes 
the growth inhibition of R. opacus. Research has indicated that R. opacus 
PD630 can break down some compounds derived from lignin, while Figure 
7 demonstrates that specific components containing a comparatively high 
amount, possibly lignin, existing in the lignocellulosic hydrolysate hinder 
the growth of cell (Plaggenborg et al., 2006). Higher initial concentrations 
of sugar in the medium are a result of maximizing the efficiency of the 
fermentation and the volumetric productivity which leads to a lower cost 
of the process. Presently, it is not easy to prepare greater than 200 g/l of a 
lignocellulose-derived sugar solution without the excess of growth inhibitors 
in an economical manner (Roche, Dibble, & Stickel, 2009). To improve 
the problem of inhibition, we can employ genetic engineering to afford 
augmented lignin tolerance to R. opacus PD630. A mixture of inhibitor-
tolerant strains along with the preferred properties for the purification of 
lignocellulose hydrolysates will probably help in the improvement of 
lignocellulose-to-TAG production procedure.

As of now, bacterial TAG production is not economically feasible at 
industrial scale owing to its high costs of production as well as low productivity 
of the bioprocesses. To overcome these hindrances, we need to engineer 
highly productive strains and further optimize them for high oil production 
on lignocellulose-derived sugars. In a nutshell, our research shows that an 
engineered R. opacus strain can provide a significant contribution to the 
achievement of our ultimate goal of producing cost-effective and scalable 
advanced liquid biofuels.
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3.1 INTRODUCTION

Green chemistry has been making an impact on our lives for around two 
decades now. Several popular organizations and companies that have 
embraced the discipline include BASF, the National Aeronautics and Space 
Administration, Nike, United Soybean Board, Pfizer, Hewlett-Packard, 
Eastman Chemical, the Environmental Protection Agency, Amgen, Bayer 
Material Science, Johnson & Johnson, DuPont, Codexis, and World Wildlife 
Fund. In the coming years, this widely spreading global market for green 
chemistry is expected to grow exponentially to around $98.5 billion by 2020. 
This emerging discipline has created hundreds of scientific papers. In more 
than 30 countries of every stable state, research network has been formed 
accompanying at least four innovative novel international scientific journals. 
Green chemistry is significant for reducing the quantity of chemical waste 
that is released into the water, air, and land. It has also procreated new fields 
of research such as an alternative energy science, green solvents, molecular 
self-assembly, biobased transformations and materials, molecular design 
for reduced hazard, and next-generation catalyst design. According to some 
industry reports, green chemistry is going to be the future of all chemistry.

3.2 HISTORY

Green chemistry has been built upon advances in such disciplines and fields 
that were present before the field’s inception such as atom–economical 
synthesis, alternative solvents, catalysis, and degradable materials. Green 
chemistry was founded in the early 1990s. At that time, a widespread 
prevalent concern was about potential negative impacts of waste pollution, 
by-products, industrial chemicals in people’s daily life, and chemical 
processes on the environment and human health. In the same decade (1990), 
the field of sustainability was created; moreover, Pollution Prevention 
Act of 1990 was passed in the same year, thereby marking a change in the 
regulatory policy of pollution control (Anastas, 2011).

In 1995, the Environmental Protection Agency (EPA) of the United States 
received huge support from the President Bill Clinton for the establishment 
of an annual awards program which highlights scientific innovations in 
the industry as well as academia that advanced green chemistry (Clark & 
Macquarrie, 2008). This gave rise to the annual Presidential Green Chemistry 
Challenge Awards. These awards have been a significant platform for the 
promotion of awareness and spreading knowledge about green chemistry 
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(Bowes, 2016). The University of Massachusetts at Boston, in 1997, initiated 
the field’s first green chemistry Ph. D. program. In that same year, the Green 
Chemistry Institute (GCI) was founded in cooperation between a chemist 
Dennis Hjeresen and the EPA, Dr. Joe Breen, as an independent nonprofit 
organization comprising of staff which was devoted to working exclusively 
toward the expansion of green chemistry (Kim, Sung, Ryu, Kim, & Yoon, 
2013).

John C. Warner and Paul Anastas coauthored the revolutionary book 
named Green Chemistry: Theory and Practice in 1998 (Anastas & Kirchhoff, 
2002). In this book, “12 Principles of Green Chemistry” have been outlined, 
which stated the philosophy that helped in motivating industrial and academic 
scientists at that time and has been continuing to guide the green chemistry 
movement ever since. The green chemistry movement received a lift in 2005 
when three scientists—Richard Schrock and Robert Grubbs of the United 
States and Yves Chauvin of France—won the Nobel Prize for chemistry 
for making the process of synthesizing carbon compounds simpler (Anastas 
& Warner, 2000; Vetenskapsakademien, 2005). Another milestone in green 
chemistry took place in 2008 when Arnold Schwarzenegger, governor of 
California, backed legislation to tighten limitations on toxic chemicals in 
household goods. In 2013, the state’s Safer Consumer Products Law was 
implemented, and in 2014, an initial scrutiny of 164 chemicals was carried 
out (Rouhi, 2005).

3.3 ENVIRONMENTAL IMPACTS

According to the statistics collected by the EPA’s Toxics Release Inventory 
(TRI), the quantity of chemical waste that is released into air, land, and 
water has reduced by almost 7% in between 2004 and 2013. According 
to these data, releases of several chemicals such as trichloroethylene, 
hydrochloric acid, and methyl isobutyl ketone have undergone a decrease 
of more than 60% during this period. The pharmaceutical industry is long 
known to have generated the most chemical waste per kilogram of product 
and thereby results in the production of complex molecules of high purity. 
According to the latest published reports, this production of chemical waste 
by the pharmaceutical industry has dropped by about half. An EPA analysis 
attributes much of this improvement to green chemistry and engineering 
practices (Porter & Van der Linde, 1995). Nonetheless, David J. C. 
Constable who is the present director of the Green Chemistry Institute has 
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stated that he believes the declines highlighted by EPA are still principally 
associated with changes in process and do not essentially specify that the 
core synthetic chemistry has altered significantly. Green chemistry can play 
a significant part in the designing of innovative chemicals; these chemicals 
can be used in place of ones that have been verified as problematic, as 
published in a recent report by the US National Research Council. Several 
chemical manufacturers, including DuPont, have now hired dedicated staff 
for an exploration of green chemistry and incorporating life cycle analysis to 
manufacturing processes and products. Such steps have been taken not just 
to prevent pollution, but also with the anticipation that those alterations can 
positively affect the companies’ bottom lines (Kammerer, 2011).

A powerful promoter of green chemistry and sustainable innovation is 
the European Union’s regulation on Registration, Evaluation, Authorization, 
and Restriction of Chemicals (REACH). REACH promotes the innovation 
of novel processes and materials by allowing potential exemptions from 
registration for up to five years for materials that are employed in research 
and development. Experts consider the authorization process of REACH 
as the primary instrument for the promotion of sustainable innovation and 
green chemistry, by providing aid in the phasing out of harmful chemicals 
and providing a substitute in the form of safe alternatives (Ritter, 2015).

Figure 21. Detailed graphical representation of different wastes in 10 years 
from 2004 to 2013

[Source: https://www.acs.org/content/dam/acsorg/membership/acs/benefits/
extra-insights/green-chemistry-applications.pdf]
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In the United States, California has taken the initiative for the development 
of safe consumer products. According to this proposal, manufacturers may 
remove harmful chemicals from consumer products, either by reformulation 
with safer alternative chemicals or by eradicating harmful chemicals (DeVito, 
Keenan, & Lazarus, 2015; Kerton & Marriott, 2013). Although this law is 
currently applicable only within California, experts predict that it will affect 
manufacturing processes nationwide because of the state’s significance to 
the broader US economy. Few experts believe that it can become a template 
for legislation in different places (Wilson & Schwarzman, 2009).

With the increase in the interest in green chemistry, the number of 
academic courses particularly designed for sustainable chemistry has also 
multiplied at both graduate and undergraduate levels. Prof. Terry Collins 
taught the first college-level course in green chemistry at Carnegie Mellon 
University in Pittsburgh, PA. More than 40 academic programs have 
now been enlisted on the ACS Web site that is offering green chemistry 
coursework in the United States and Puerto Rico (Hogue, 2015). Several 
institutes have offered classes which range from small four-year colleges 
to significant research universities (Manley, Anastas, & Cue, 2008). Few 
institutes in the United States that have launched green chemistry graduate 
programs include the University of Toledo (Ohio), Yale University, the 
University of California, Berkeley, and the University of Massachusetts. 
European universities with programs in green chemistry include the 
University of Copenhagen and the University of York (United Kingdom) 
(Kolopajlo, 2017).

3.4 GREEN CHEMISTRY APPLICATIONS

Green chemistry has an extensive range of applications in several industries 
including the pharmaceutical industry, as well as innovative methods that 
eradicate or reduce the utilization of solvents, or makes them safer for use 
and more efficient. Another significant impact of green chemistry is that it 
has inspired an increasing number of methods for the synthesis of chemicals 
from biological materials such as animal waste or plant matter instead of 
synthesizing them using conventional petroleum-based methods.

Green chemistry has played a significant role in providing alternative 
sources of energy and novel ways for the production of fuel cells, solar 
cells, and batteries for storage of energy. When self-assembling molecules 
make use of biobased plant materials, it is regarded as green chemistry. 
The key goal of green chemistry is to eliminate or lessen the production of 
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waste during the manufacturing of chemicals and its by-products. This goal 
has motivated the initiation of several green “next-generation” catalysts. 
Another significant development that is taking place in green chemistry is 
shifting toward the trend of redesigning chemical products to decrease their 
hazard.

3.5 GREENER PHARMACEUTICALS

Among different industries, the pharmaceutical industry was the first one to 
recognize the significance of green chemistry (Collins, 1995). Since 1996, 
various processes have been developed by or for the pharmaceutical industry, 
among which 11 have received Presidential Green Chemistry Award.

By 2005, all well-known drug companies had united with the American 
Chemical Society’s Green Chemistry Institute for a round table. This 
institute aims at developing less polluting and more efficient processes. 
The US drug industry usage of chemicals was dropped almost to half in 
between 2004 and 2013. According to an analysis by the EPA, these 
reductions in the drug industry are mainly due to the usage of less organic 
solvents. Dichloromethane, dimethylformamide, methanol, acetonitrile, and 
toluene account for almost 75% of the industry’s reduction. Pharmaceutical 
companies, too, are opting for less toxic reagents, decreasing reaction steps, 
and manufacturing improved catalysts (Cann, 1999).

Viagra, also commonly known as sildenafil citrate, is a bombastic drug 
that has been a “poster child” for quite long now for the green credentials 
of its producer, Pfizer (Sneddon, 2014). While preparing up for industrial 
manufacturing of Viagra, Pfizer’s chemists developed a novel reaction 
strategy that helped in radically decreasing the quantity of solvent needed, 
cut out the chemicals tin chloride (an environmental contaminant) and 
hydrogen peroxide (hydrogen peroxide is considered a transportation 
and fire hazard), and hence resulted in the production of just a quarter of 
the waste as compared to the original process (Lasker, Mellor, Mullins, 
Nesmith, & Simcox, 2017). Researchers have also upgraded the method 
of developing Lipitor (atorvastatin) which is a well-known drug popular 
for its property of reducing blood cholesterol. The upgradation method 
involves using an enzyme that catalyzes chemical reactions taking place 
in water and thereby minimizes the requirement for potentially polluting 
organic solvents (Anastas & Beach, 2009). Some other popular drugs have 
been acknowledged by the EPA’s green chemistry awards for decreasing the 
production of waste material by improving the methods of manufacturing. 
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A chemical company known as BASF now produces its yearly output of 
the painkiller named “ibuprofen” around 2 billion tablets—by employing 
a three-step process unlike previously used six-step method (Cernansky, 
2015). Most of the atoms that are used during the synthesis procedure are 
derived from hydrocarbons. Unlike before, 70% of the used atoms make it 
into the concluding product compared with 40% before.

Another drug that is considered a leading drug for the treatment of high 
cholesterol is known as Zocor (simvastatin). The traditional method of 
manufacturing this drug involved multisteps involving large quantities of 
harmful reagents that resulted in producing a large quantity of toxic waste. 
The novel approach for the synthesis of this drug employs an engineered 
enzyme and an inexpensive feedstock that has been optimized by a 
biocatalysis company named Codexis (Ritter & Nike, 2014; Qian, Zhong, 
& Du, 2017). Moreover, Codexis worked in collaboration with Merck for 
the development of a greener route for the synthesis of sitagliptin, which is 
an active constituent in Januvia™ which is a treatment method for type 2 
diabetes. As a result of this collaboration, an enzymatic process has been 
developed that decreases the amount of waste, improves safety and yield, 
and eradicates the requirement for a metal catalyst (Liveris, 2013).

Another prominent drug that now needs less production of waste is the 
chemotherapy drug paclitaxel (known as Taxol in the market). Originally, 
it was produced by extracting chemicals from the bark of a yew tree. This 
process previously made use of a lot of solvents in addition to killing the 
tree. Now, it is made by cultivating cells of the tree in a fermentation vat 
(Heddle et al., 1983).

3.6 GREEN SOLVENTS

According to the fifth principle of green chemistry, the use of auxiliary 
substances like solvents must be avoided whenever possible (Hupp & 
Poeppelmeier, 2005). Solvents are the main focus when using greening 
chemistry, due to their high volume usage and because normally they are 
volatile organic compounds (VOCs). The use of such compounds leads to 
high risks, producing a large amount of air pollution, waste, and other health 
distresses. To find a safer, more efficient substitute or removing solvents in 
total is one of the most impactful ways to affect the efficiency and safety 
of a product or process (Kirchhoff, 2005). Amid 1996 and 2014, a total 
of 22 Presidential Green Chemistry Awards have acknowledged methods 
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that decrease the use of traditional solvents, including greener, alternative 
solvents, and procedures that make use of water or carbon dioxide or just 
avoid using solvents altogether (Dunn, Galvin, & Hettenbach, 2004).

A currently industrial use example of a green solvent is used in the dying 
of fabric. Conventional methods of dying need large quantities of water, 
around 7 gallons for dyeing a T-shirt. Moreover, the process of dying is 
energy intensive as the dyed material needs to be dried. DyeCoo Textile 
Systems, which is Dutch start-up firm, recently developed an industrial-scale, 
dyeing process which is free of water as well as equipment that employs 
supercritical carbon dioxide. This supercritical carbon dioxide, when under 
pressure and at marginally higher temperature, functions just like a liquid.

During the recent years, manufacturers of spray cleaners, laundry 
detergents, and other cleaning products for the industry as well as in homes 
have been adding more green solvents to increase their performance, for 
both human health and environmental reasons. DuPont and Procter & 
Gamble have recently announced their plans to employ cellulosic ethanol 
which is derived from corncobs and stalks in cold water tide. DuPont is 
cultivating a plant in Iowa which helps in producing cellulosic ethanol. This 
will work as a replacement of ethanol which is derived from corn kernels. 
According to partners, by blending this cellulosic ethanol with cold water 
tide will repurpose more than 7000 tons of agricultural water per year, and 
this process will help in saving the amount of energy required for washing 
all the clothes of people in California homes for about a month (Patel, Joshi, 
& Panchal, 2012). DuPont also manufactures another biobased chemical 
known as 1, 3-propanediol. This chemical is sold as a stabilizer, a solvent, 
and an enzyme carrier.

Another green solvent developed with a similar aim is ethyl levulinate 
glycerol ketal. This solvent has been developed by the biobased chemicals 
start-up Segetis. The key role of this green solvent is to provide help in 
solubilizing fragrance oils as well as to keep stable the overall cleaning 
formulae, instead of dissolving grease or soil. Some other green solvents 
that were employed in method products include ethyl levulinate glycerol 
ketal, propanediol, methyl esters, and glycerin.

Another popular green cleaning solvent is known as butyl 
3-hydroxybutyrate. The trade name of this solvent is Omnia. It was 
manufactured by Eastman Chemical. Eastman developed this new solvent 
by categorically going through a database of around 3000 molecules. These 
molecules had prospective potential as cleaning solvents. They were then 
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shaped into one using a combination of computer simulations and wet 
laboratory testing (Patel et al., 2012). A small company, named Elevance 
Renewable Sciences, Inc., transforms vegetable oils into special chemicals. 
The technology employed for this process is olefin metathesis technology 
which was invented by Robert H. Grubbs. This company has also been 
involved in the manufacturing of two green solvents. The company has 
manufactured a surfactant known as Steposol MET-10U, by working in 
partnership with the surfactants’ manufacturer Stepan. This solvent has 
been used as a replacement for solvents including methylene chloride 
and n-methyl-pyrrolidone in paint strippers and adhesive removers. This 
surfactant can also be employed in industrial as well as household cleaners 
as an alternative of glycol ethers (Patel et al., 2012).

Figure. 22. List of solvents and their applications in various industrial sectors

[Source: https://www.acs.org/content/dam/acsorg/membership/acs/benefits/
extra-insights/green-chemistry-applications.pdf]

Elevance has also developed a degreasing, heavy-duty solvent called 
Elevance Clean 1200. This solvent is intentional to be used in food 
processing, manufacturing, and transportation maintenance of customers. 
It is intended to attract such companies which are looking for constituents 
that are thought to be low vapor pressure by California and have enough 
low vapor pressure or contain enough carbon atoms to be relieved from 
EPA’s VOC designation. This solvent is being marketed as an alternative for 
d-limonene and aromatic hydrocarbons. Recently, a team of researchers at 
the University of Wisconsin Madison pronounced a capable biobased green 
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solvent (Beach, Cui, & Anastas, 2009). They employed mineral acid catalysts 
to be used as a solvent for converting cellulose and hemicellulose biomass 
into transportation fuels and high-value platform chemicals. The application 
of alkyl phenols as solvents, derived from lignin, in this procedure (taken 
place in a biphasic reactor) greatly reduced side reactions taking place in 
the aqueous phase and facilitated recycling of the mineral acid catalysts 
(Anastas, Bartlett, Kirchhoff, & Williamson, 2000).

Figure. 23. Reverse-phase HPLC-UV investigation of various pharmaceutical 
and dietary compounds using traditional HPLC instrumentation with various 
spirit alcohol-based phases

[Source: https://www.acs.org/content/dam/acsorg/membership/acs/benefits/
extra-insights/green-chemistry-applications.pdf]

For analytical chemists, a new method for avoiding solvents like 
acetonitrile in high-performance liquid chromatography (HPLC) might be 
their replacement with different distilled alcohols, such as vodka or rum, 
together with household products (Andraos & Dicks, 2012). A team of 
researchers from Merck Research Laboratories has carried out research 
which suggests that combination like this can serve as a sustainable and 
economical substitute for HPLC; moreover, in several cases, it can also 
lead to producing excellent analytical results (Dunn, 2012). Some of the 
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other green solvents that are now increasingly used are supercritical carbon 
dioxide, ionic liquids, and water (Yoon, Ischay, & Du, 2010).

3.7 BIOBASED TRANSFORMATIONS AND MATE-
RIALS

Green chemical technology has played a significant part in developing an 
increasing number of alternative methods for the synthesis of chemicals 
which were conventionally made from renewable resources such as 
petroleum. Now, advances in process chemistry, genetics, biotechnology, 
and engineering are forming new and advance manufacturing concept 
for the conversion of renewable biomass into reliable products and fuels, 
commonly known as the biorefinery concepts (Li & Vederas, 2009).

During the period 1996–2014, 34 of technologies that were awarded 
Presidential Green Chemistry Award involved employing a renewable 
resource as an alternative to using petroleum or any other depleting resource 
(Tang, Bourne, Smith, & Poliakoff, 2008). These technologies had used 
an extensive variety of biological materials such as bacteria and other 
microorganisms, cellulose, algae, biomass, starch, oils from crops and 
several other plants, yeast, and sugar. Technologies like these have been 
established by various well-known companies including Cargill, Dow, 
Archer Daniels Midland, DuPont, Procter and Gamble, Eastman Chemical, 
Sherwin-Williams, as well as other smaller companies and academic 
researchers.

In 2003, DuPont’s Sorona® polymer received a Presidential Green 
Chemistry Award. This polymer is an example of a commercially available 
biobased process. DuPont established the process, which makes use of a 
renewable cornstarch and genetically engineered microorganism in place 
of using petroleum to make economic textiles (Yanes, Gratz, Baldwin, 
Robison, & Stalcup, 2001). The Sorona polymer has various uses including 
its use in carpeting, apparel, and packaging. This biobased method is 
popular for using less energy, which in turn reduces emissions, and makes 
use of renewable resources unlike previously used traditional petrochemical 
processes (Cann, 1999).

Genomatica has developed a process which received the EPA’s 2011 
Presidential Green Chemistry Challenge Award for developing “greener 
synthetic pathways.” Now, using this process, BASF is manufacturing 
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renewable 1, 4-butanediol (1, 4-BDO) on an industrial scale (Porter & Van 
der Linde, 1995). This biobased material is employed in the production of 
BASF’s Ecoflex compostable polyester film. This film is afterward used 
together with calcium carbonate and cassava starch to make Ecovio® bags 
which are fully biodegradable. Biodegradable Products Institute has certified 
these bags. They can disintegrate into CO

2
, water, and biomass in industrial 

composting processes.

Recently, a few innovations have taken place in the production of biobased 
chemicals. These innovations are a consequence of coupling biological and 
chemical processes (Azadi et al., 2012). A team of academic researchers 
has demonstrated in a recent study that an extensive variety of high-value 
products can be manufactured from a platform chemical which has not been 
previously explored. This chemical is known as triacetic acid lactone and is 
a 2-pyrone compound (Pandey & Kim, 2011). The synthesis of pyrone was 
carried out from glucose by employing a genetically modified E. coli, and a 
yeast species are known as Saccharomyces cerevisiae. The researchers were 
successful in producing 2, 4-pentanedione (also named as acetylacetone). 
It has numerous industrial applications such as in metal plating, in metal 
extraction, and as a fuel additive and. The researcher also further transformed 
it into dienoic acid. This acid is manufactured using petrochemical sources 
and can be utilized as feed as well as food additive owing to its capability 
to hinder the growth of several bacteria and mold. As per the reports, two 
other compounds produced by the team are γ-caprolactone and hexenoic 
acid. Hexenoic acid can be utilized as a flavoring agent. Y-caprolactone is 
used as a cosmetic ingredient and fragrance.

Figure 24. Synthesis of γ-caprolactone, sorbic acid, and hexenoic acid from 
acetylene and triacetic acid lactone

[Source: https://www.acs.org/content/dam/acsorg/membership/acs/benefits/
extra-insights/green-chemistry-applications.pdf]
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One more example is the procedure employed by Auckland, New 
Zealand-based LanzaTech. This process includes the conversion of gases 
containing carbon monoxide to ethanol and other chemicals using microbial 
fermentation. Since steel mills are known to produce CO-rich gas streams, 
LanzaTech has constructed an ethanol production demonstration plant 
producing 100,000-gallon-per-annum Shanghai at Baosteel which is the 
China’s largest producer of steel. LanzaTech’s microbes also can produce 
2,3-butanediol, which can further be transformed into other compounds for 
instance, in 1,3-butadiene, which is a monomer utilized in the manufacturing 
of synthetic rubber (Azadi et al., 2012). Another US-based company named 
Coskata is commercializing hybrid chemical processing technology. 
Coskata manufactures syngas is a combination of mainly hydrogen and 
CO, using thermochemical gasification of biomass or some other solids or 
using catalytic remodeling of natural gas. Careful microbial fermentation of 
syngas results in yielding low molecular weight alcohols. Coskata controls 
a plant that can produce tens of thousands of gallons of ethanol per annum 
using wood chips.

As a result of new processes of synthesizing from biomass, a chemical 
known as the levulinic acid can be used extensively. A US-based company 
known as Segetis sells constituents for cleaning products and personal care 
which are based on levulinic ketals. This company controls a biobased 
levulinic acid pilot plant located in Minnesota. Two chemical firms have 
recently launched projects in Italy for the production of levulinic acid from 
biomass. According to the company, their technology will reduce price and 
turn a niche chemical into a striking new building block for products used 
in coatings, fuels, crop protection, and solvents. The traditional method of 
synthesizing levulinic acid involves its production from maleic anhydride 
which is an expensive method of production and therefore confines its use 
to low-volume applications for instance, in food additives and fragrances 
(Mahmood, Yuan, Schmidt, & Xu, 2015).

A California-based biotech company Solazyme engineers microalgae 
for producing much higher quantities of oil as compared to the 5–10% 
content of oil in wild algae. In 2014, this same company won a Presidential 
Green Chemistry Challenge Award. The products of this company include 
the industrial manufacturing of algal oils that have been engineered to 
be chemically analogous to products of palm oil such as the C

12
 and C

10 

fatty acids which are present in palm kernel oil (Giesbrecht & Greenfield, 
1999). The company’s oils are present in different products like in a laundry 
detergent from a company known as Ecover (Welch, Nowak, Joyce, & 
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Regalado, 2015). Few other firms that are well known for producing 
biobased chemicals are Myriant and Solazyme. Myriant is located in 
Massachusetts and produces biobased drop-in substitutes and replacements 
for an extensive variety of chemicals which are based on petroleum such as 
acrylic acid, which currently has several million dollar international market, 
and succinic acid, which is utilized in pharmaceuticals, pigments, and metal 
plating (Sheldon, 2005; Vemula & John, 2008).

3.8 ALTERNATIVE ENERGY SCIENCE

3.8.1 Solar Photovoltaics

A recent analysis has reported that solar photovoltaic technology is among 
one of the limited low-carbon, renewable resources which have both the 
technological maturity and the scalability to meet the ever-increasing 
worldwide demand for electricity (Manley et al., 2008). The utilization of 
solar photovoltaics has been increasing at an average of almost 43% per 
annum since 2000. In the past few years, clean energy experts have been very 
enthusiastic about the rise of two novel chemistry-driven solar technologies, 
namely quantum dots and perovskite solar cells.

Perovskite solar cells can be compared well with most of the 
conventional photovoltaic technologies since they offer good power 
outputs from inexpensive materials that are comparatively easy to process 
into working devices (Kirchhoff, 2003; Kidwai & Mohan, 2005). The 
appellation of perovskite is a nod to a mineral which was discovered long 
ago and was composed primarily of calcium titanate (CaTiO

3
). Presently, 

scientists use this term loosely as a reference for a large class of materials 
that, similar to CaTiO

3
, display ABX3 stoichiometry and adopt the crystal 

structure of perovskite. These days, a type of perovskites is getting much-
increased thoughtfulness in the photovoltaics world. These perovskites 
are organometal trihalides, among which the most generally studied is 
CH

3
NH

3
PbI

3
 (CH

3
NH

3
 is the A group in ABX3.) The main reason behind 

the increased enthusiasm is the latest steep rate of progress in perovskite 
solar cell performance (Kurian, 2005).

In the duration of just a few years, the efficiency of conversion of 
perovskite cells has jumped from merely a few percent in a forerunner 
version to greater than 20% in 2015. This is a breakthrough that took decades 
to reach in case of most other solar cells [53]. Most of the advancement in 
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this field has been reported in 2012 and 2013. The fast-paced advancement, 
which has not given away any signs of slowing, together with cost-effective 
materials and manufacturing methods, has encouraged some experts to 
state that perovskite solar cells are determined “to break the predominant 
paradigm” by combining exceptional performance and low cost (Kurian, 
2005)

Perovskite solar cells can be formed by employing techniques of common 
wet chemistry. The simple process of fabrication of components of solar cell 
by means of liquid-phase chemical reactions as well as deposition of the 
materials by techniques such as spin coating and spraying thus making it 
imaginable for manufacturers of solar cell to ultimately replace sophisticated 
manufacturing apparatus and clean rooms presently used for the production 
of photovoltaic with easy benchtop processes (Kurian, 2005).

In 2009, a Japanese research uncovered some of the main features of 
perovskite solar cells. The research involved in the treatment of a film of 
TiO

2
 with a solution comprising of PbI

2
 and CH

3
NH

3
I. The researchers 

activated a self-assembly procedure that involved coating of the oxide 
with a layer of nanocrystals of CH

3
NH

3
PbI

3
, which is one of the perovskite 

materials present at the center of recent research efforts. The group formed 
solar cells by inserting the perovskite-coated oxide films and an organic 
electrolyte solution making a sandwich of them in between conducting glass 
electrodes. They observed that the triiodide cell was able to readily generate 
an electric current having a conversion efficiency of around 3.8% (Harmsen, 
Hackmann, & Bos, 2014; Bruijnincx & Weckhuysen, 2013). After two years, 
a team from South Korean used a similar cell having optimized parameters 
to gain a conversion efficiency of almost 6.5% (Welch et al., 2015). Later 
on, another team discovered that certain improvements could be made by 
employing a compound of the polyaromatic ring in the spiro-bifluorene 
family identified as spiro-OMeTAD to gain 9.7% efficiency (Giaquinto & 
Samide, 2013). Using a replacement of TiO

2
 led to an unexpected conversion 

efficiency of 10.9%.
In quick succession all the way through 2013, multiple series of research 

papers were published on a variety of journal Web sites, each stating a slightly 
different design of perovskite solar cell and each reporting improvements 
in conversion efficiency (Jacoby, 2012). The National Renewable Energy 
Laboratory is considered as the official verifier of the performance of solar 
cell all over the world. This laboratory has been verifying the performance of 
each improved version. Few researchers from the UK-published information 
in March 2015, about a new low-temperature procedure to make perovskite 
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solar cells in a way that they can be utilized in colorful, high-efficiency, 
see-through photovoltaic films that would be possible to plaster on walls 
or else laminate on windows (Manley et al., 2008; Wirth & Thiesse, 2014). 
Presently, minimum of two companies have assured to initiate the production 
of perovskite cells industrially; the companies include Australian company, 
Dyesol, and Oxford Photovoltaic of the U. K.

3.8.2 Quantum Dots

Quantum dots are nanocrystals composed of semiconductor materials that 
release a bright glow of a pure color upon excitation by an applied voltage 
or light (Chia, Schwartz, Shanks, & Dumesic, 2012). Several experts of 
alternative energy are enthusiastic about solar cells based on quantum dots 
for the reason that they have a theoretical conversion of 45%. This has been 
conceivable because when a quantum dot absorbs a single photon, it results 
in the production of more than one bound electron–hole pair, or exciton, 
hence doubling up the general conversion efficiency numbers that are visible 
in single-junction silicon cells (Jong, Higson, Walsh, & Wellisch, 2012). 
Till now, no one has come close to gain that type of efficiency; however, 
the rates have been improving continuously. For instance, in 2014, research 
teams testified that quantum dot solar cells that employ ternary CuInS

2
 

had gained the best record of 7.04% (along with the certified efficiency of 
6.66%) (Scott, 2015).

Moreover, in 2014, few researchers from the Massachusetts Institute 
of Technology (MIT) developed a quantum-dot-based solar cell that 
transforms light into electricity with a conversion efficiency of 9% (Tullo, 
2013). According to the MIT team, the technology can be created using 
a low-cost production method that assures to keep costs of manufacturing 
down. Lately, an innovative class of organometal halide perovskite-based 
semiconductors has arisen as a possible nominee for quantum dot solar cells 
(Anastas, Kirchhoff, & Williamson, 2001). These cells can make use of 
methyl ammonium lead iodide chloride (CH

3
NH

3
PbI

2
Cl) perovskite. Few 

other quantum dot solar cells employ cadmium, encouraging some observers 
to interrogate whether it is accurate to call applications of the technology 
that make use of such metals “green” or “clean” (Scott, 2015).

3.8.3 Fuel Cells

The price of the fuel cells has dropped during the last decade; on the 
contrary, the vehicle range has increased; moreover, with time, engineers 
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have mastered the ability to work well in frigid weather conditions and 
perform under challenging conditions (Jean, Brown, Jaffe, Buonassisi, & 
Bulović, 2015). In the United States, this year, the first ever fuel cell car 
became available to produce electricity by the conversion of oxygen and 
hydrogen into the water.

For instance, with time, normal fuel cell operation begins to corrode 
and oxidizes the carbon material normally employed as catalyst supports, 
which leads to the degradation of catalyst and hence poor performance of 
the device. The study of metal nitrides has been carried out as alternative 
supports, but the side effect is that they are not always tolerant of the acidic 
conditions that are needed for some fuels. A team from Cornell University 
recently has reported that a titanium chromium nitride material seems able to 
solve this problem (Asif, Singh, & Alapatt, 2015). The researchers made use 
of palladium–silver nanoparticles that were supported by a highly porous 
Ti

0
.
5
Cr

0
.
5
N network and found out that it can serve as a stable and an active 

catalyst system in alkaline and acidic media across the normal range of fuel 
cell voltages. Results of the test verified this material to be more durable and 
active as compared to the standard materials of carbon.

Few other research topics explored include how to store such hydrogen 
fuel which is required by fuel cells. Recently, another research group from 
Boston College created an H

2
 storage molecule. This molecule does not 

decompose even at high temperatures such as reaching 150°C (Asif, 2017). 
A team of researchers has developed a new compound, namely bis-BN 
cyclohexane, which might prove suitable for such applications as backup 
generators that would stock energy for a longer period during the incident 
of a natural disaster.

Figure 25. Thermal stability behavior of amine–borane-based hydrogen storage
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[Source: https://www.acs.org/content/dam/acsorg/membership/acs/benefits/
extra-insights/green-chemistry-applications.pdf]

3.8.4 Battery Power

The significance of sustainable energy technologies cannot be overlooked 
since they can let the best possible utilization of energy that is produced by 
renewable sources. An increasing tendency in both energy conversion and 
energy storage systems is to imitate nature and its extensive biodiversity 
(Loi & Hummelen, 2013). Few researchers have been working on the 
invention of new batteries by getting motivation from life chemistry, which 
gets power by chemical reactions that depend on membrane potential and 
ion flux. Recently, a team of researchers has identified a molecule having 
the formulae Li

2
C

6
O

6
. This molecule can be synthesized from myoinositol, 

which is a renewable resource and inserts and deinserts lithium ions that are 
related to an energy density which is almost double than the amount that can 
be achieved with present day’s lithium methyl carbonate (LiNi

1/3
,n

1/3
Co

1/3
O

2
) 

electrodes (Jacoby, 2014).
The main component of the battery is electrodes. Theoretically, batteries 

composed of lithium–sulfur electrodes can store four times more energy as 
compared to traditional lithium-ion batteries, hence promising longer run 
times for electronics as well as more miles for electric cars between charges. 
According to the research, industrialization in such batteries is within reach. 
A novel design scheme employing new materials such as graphene oxide 
with a sulfur coating seems promising for lengthening the life of the battery 
by conserving a high storage capacity (Jean et al., 2015). The battery was 
charged as well as discharged, or cycled, 1500 times, successfully exhibiting 
impressive performance. The initial storage capacity of this battery was 
500 watt-hours per kilogram (Wh/kg) of battery material. In contrast, the 
storage capacity of traditional lithium-ion batteries was around 200 Wh/
kg. The target of the US Department of Energy for batteries of the electric 
vehicle is 400 Wh/kg. After going through 1000 cycles, the storage capacity 
of this battery dropped down to around 300 Wh/kg which is still larger than 
traditional lithium-ion batteries (Kojima, Teshima, Shirai, & Miyasaka, 
2009).

A team from Stanford University has described a novel approach that 
involves a new electrode material. According to the claim made by the team, 
this specific material holds promise for grid storage batteries that can work 
as long as 30 years without any sharp decline in their performance. This 
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new electrode material described by the team contains secondary hydrated 
potassium ions for carrying charge in between the two ends of the battery 
(Im, Lee, Lee, Park, & Park, 2011). The experiment was performed in the 
laboratory in which the iron- and copper-based nanoengineered material 
took 40,000 charge/discharge cycles at the same time maintaining around 
80% storage capacity. On the contrary, the traditional lithium-ion batteries 
employed in consumer electronics degrade visibly after merely a few 
hundred cycles (Kim et al., 2012).

Some researchers have been carrying out research to find a substitute to 
be used in place of lithium because of the growing concern of the shortage 
of this element owing to the rapid growth of its demand worldwide. One 
option under consideration is sodium batteries (Kim et al., 2012). A sodium-
ion battery has been developed by UK-based Faradion, which, according to 
him, is one-third cheaper as compared to lithium-ion batteries for the similar 
performance (Lee, Teuscher, Miyasaka, Murakami, & Snaith, 2012).

Some engineers at the University of Illinois have recently employed 
holograms, on a smaller scale. Holograms are the 3D interference 
configurations of various laser beams for the precise creation of porous 
blocks in light-curable polymers (Zhou et al., 2015). Afterward, the teams 
used these blocks as scaffolding for building electrodes that could be 
employed for microbatteries to power microelectronic devices, including 
medical implants, sensors, and radio frequency transmitters. The process 
of the hologram is compatible with traditional 2D photolithography, which 
is extensively utilized in the microelectronics industry (Piatkowski et al., 
2016).

Figure 26. Characteristics of different generations of batteries
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[Source: https://www.acs.org/content/dam/acsorg/membership/acs/benefits/
extra-insights/green-chemistry-applications.pdf]

3.9 MOLECULAR SELF-ASSEMBLY

Molecular self-assembly is a method in which parts of molecules or molecules 
themselves suddenly form ordered combinations without needing any 
human intervention. The interactions that are involved are non-covalent, and 
the structures created resultantly are generally in equilibrium states or else 
in metastable states to be very least. The practice of molecular self-assembly 
is pervasive in materials science, chemistry, and biology (Weidman, Seitz, 
Stranks, & Tisdale, 2016). An evolving notion in molecular self-assembly 
implicates consuming formerly underutilized biobased plant materials 
(Moras, Strandberg, Suc, & Wilson, 1996). For instance, glycolipids created 
as industrial derivatives such as cashew nutshell liquid can undergo self-
assembling for the production of soft nanomaterials including twisted/helical 
nanofibers, lipid nanotubes, liquid crystals, and low molecular weight gels.

Some scientists are also in the process of developing molecules that can 
spontaneously gather into simpler versions of the extracellular matrix that is 
surrounding several cells of the body to offer a medium of growth for cells, 
particularly for tissue engineering. The extracellular matrix consists of a 
complex web of biomolecules which includes sugar molecules and proteins 
that aids in intercellular communication, provides structure for tissues, and 
traps nutrients. The main focus of this field is on self-assembling peptides 
(Ahn et al., 2015).

In 2014, a team of researchers from Brandeis University developed 
a sugar-decorated molecule that can self-assemble into a hydrogel that 
imitates the extracellular matrix (Pan et al., 2014). Molecules that are found 
on the surface of stem cells, mostly sugars, interact with this extracellular 
matrix using methods that are critical to stemming cell development and 
differentiation. According to the researchers, the gel plays the role of 
encouraging mouse embryonic stem cells to propagate; moreover, it forces 
zygotes to progress into blastocysts, signifying that someday, the molecule 
could aid in the growth of human tissue in the laboratory. A main constituent 
of the hydrogel is glycoconjugate which is a carbohydrate molecule linked 
with a covalent bond to other molecules that researchers are reviewing 
to comprehend how it might stimulate the growth of stem cell and which 
proteins are involved (Ahn et al., 2015).
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Scientists from Tufts University as well as another team of researchers 
from the same Brandeis laboratory mutually designed a peptide that 
combines and swaps cancer cells; this is done when its phosphate group is 
eradicated (Chuang, Brown, Bulović, & Bawendi, 2014). Peptides that are 
free from phosphate group have a hydrophobic and a hydrophilic end, which 
permits them to gather just like lipids in a cell membrane. The phosphate 
group contains negative charge which creates electrostatic repulsion among 
the molecules and inhibits the peptide from submerging the cancer cells. 
This on–off switch of phosphate is ideal for attacking cancer since some 
kinds of cancer cells overexpress alkaline phosphatase (an enzyme that is 
known to slash phosphates) (Ahn et al., 2015).

Another use of molecular self-assembly under investigation is making 
of artificial viruses from it. Artificial viruses could be used as structural 
materials as well as DNA-based drug delivery particles. A team of scholars 
at Wageningen University, in the Netherlands, has significantly progressed 
toward this aim with a viral coat protein. This protein self-assembles with 
DNA in such a manner that it impersonates the tobacco mosaic virus (Kamat, 
2013). These investigators have demonstrated that these viruslike particles 
could go into cells and shield the DNA against degradation (Van Mierlo, 
Maggetto, & Lataire, 2006).

During the ACS National Meeting in 2015, in Denver, researchers 
reported forming a collection of light-releasing platinum–organic metal cages 
and metal cycles (Cui, Yang, & DiSalvo, 2014). Chemists at the University 
of Utah demonstrated how the selection of different combinations of organic 
linking groups as well as angular and linear metal complexes enables 
them to construct two- and three-dimensional molecules having versatile 
properties and eccentric geometries. Such molecules can prove valuable 
as building blocks for fibers and polymeric hydrogels, for optoelectronic 
chemical sensors, as therapeutics, and as bioprobes for visualization and 
monitoring of physiological processes. Another approach to green chemistry 
that involves self-assembling includes an approach established by a team 
of researchers from the University of Nottingham, in the United Kingdom. 
This approach involves self-assembling for fabrication of trimesic acid 
monolayer structures on extremely oriented pyrolytic graphite (Chen et al., 
2014). An additional self-assembly technique, recently developed, permits 
chemists to develop polymeric structures on the scale having micrometer 
length. The resultant structures may perhaps eventually be employed for 
drug delivery applications and molecular electronics (Larcher & Tarascon, 
2015).
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3.10 NEXT-GENERATION CATALYST DESIGN

A total of 20 Presidential Green Chemistry Challenge Awards have 
acknowledged green catalysts (Song, Zhang, & Cairns, 2013). A current 
example is the technology that has been developed by Elevance, which 
employs a Nobel Prize-winning catalysis method for the production of 
green, high-performing, specialty chemicals at beneficial costs. In this 
catalyst technology, natural oils are broken down, and then, the fragments 
are recombined into innovative, high-performance green chemicals. These 
chemicals have the advantage of combining the benefits of both biobased 
chemicals and petrochemicals. As compared to petrochemical technology, 
this technology consumes considerably less amount of energy and lessens 
greenhouse gas emissions by almost 50%. Elevance is manufacturing 
specialty chemicals for various uses, such as in lubricants, cleaning products, 
personal care products, and candle waxes (Caims et al., 2014). Few of these 
chemicals are available commercially (Palomares et al., 2012).

One of the Dow Chemical’s rewards is for a special green catalyst that 
decreases the environmental footprint linked with the production of propylene 
oxide which is one of the largest volume industrial chemicals produced in the 
world (Wessells, Huggins, & Cui, 2011). The process of hydrogen peroxide 
to propylene oxide (HPPO) was established in collaboration with BASF 
and works as a chemical building block for an extensive array of products 
such as de-icers, detergents, food additives, polyurethanes, and personal 
care products. As compared to the traditional technologies, this new process 
decreases the consumption of energy by 35 percent and the production of 
wastewater by almost 70–80 percent.

Another newly developed catalyst has the potential to be a more 
efficient and less expensive catalyst for cleaning of the exhaust of diesel 
engine (Buchholz et al., 2013). This catalyst has been developed by a team 
of researchers from China, the United States, and South Korea. The catalyst 
employs Mn mullite (Sm, Gd) Mn

2
O

5
—manganese mullite materials—

which contain either gadolinium or samarium for the conversion of harmful 
diesel engine-exhaust product nitric oxide into the more gentle nitrous oxide 
(Scott, 2014).

Pharmaceutical companies Codexis and Merck have developed a 
new catalyst for the green synthesis of sitagliptin. Sitagliptin is an active 
constituent in the treatment of type 2 diabetes. Januvia™ may also be 
helpful in the development of other drugs. For instance, a recent clinical 
trial has demonstrated that it may aid patients suffering from acute coronary 
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syndrome (Ning et al., 2015). An example of a green catalyst that has the 
potential to lessen the environmental effects of the pharmaceutical industry 
is the powerful chain of tetra-amido macrocyclic ligand (TAML) catalysts 
which have been modeled on naturally existing peroxidase enzymes. This 
enzyme has been developed by Terry Collins of Carnegie Mellon University 
(Davenport, 2015). According to Collins, the use of this catalyst at a late 
stage in the process of sewage treatment would permit them to break down 
an extensive variety of chemical residues, such as those from Prozac, 
Lipitor, the contraceptive pill, Zoloft, and several more, before they enter 
the environment (Whitesides & Boncheva, 2002).

3.11 MOLECULAR DESIGN FOR REDUCED 
HAZARD

Some Presidential Green Chemistry Awards acknowledge non-toxic 
chemical products that are designed for use in an extensive variety of 
industries (Vemula & John, 2008). The Solberg Company won an award in 
2014 for its halogen-free RE-HEALING foams that are to be used in fighting 
fires. Conventionally, fluorinated surfactants were used in firefighting; these 
surfactants are persistent chemicals and have the capability for producing 
environmental effects. The RE-HEALING firefighting foam concentrates 
employ a mixture of sugars and non-fluorinated surfactants. Extinguishing 
time, control, and burn back resistance are vital for the safety of firefighters 
in all places, and these new foams have exceptional performance in each of 
these qualities. These foams have also attained the full regulatory compliance 
with prevailing standards of fire protection (Ng et al., 2008).

Cargill, Inc. was esteemed, in 2013, for its Envirotemp™ FR3™ 
vegetable oil-based insulating fluid to be used in high-voltage transformers. 
Until the 1970s, polychlorinated biphenyls (PCBs) were employed in the 
insulating fluid required to make an available cooling mechanism for high-
voltage electric transformers and to inhibit short-circuiting; however, after 
1970, it was banned. After the banning of PCB, mineral oil befitted as the 
primary replacement. Unluckily, mineral oil is flammable and can prove 
to be deadly to fish. Cargill’s transformer fluid based on vegetable oil is 
far less flammable, is less poisonous, provides higher performance, and 
has a significantly lower carbon footprint (Du et al., 2014). According to 
a life sequence assessment, a transformer that employs FR3™ fluid has 
inferior carbon footprint throughout the entire life span of a transformer, 
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with the highest reductions taking place in the raw materials, buildup, 
and transportation stages. The complete carbon footprint of an electric 
transformer is almost 55 times lesser when FR3™ fluid is used instead of 
using mineral oil. Additional benefits are high biodegradability and the fact 
that renewable resources are the basis of FR3™ fluids. Moreover, there 
has not been reported any fires or known explosions in the hundreds of 
thousands of transformers that are filled with FR3™ fluid ever since the 
product has launched. FR3™ fluid has received several industry validations 
as a less flammable fluid by both Factory Mutual Research Corporation and 
Underwriters Laboratory (UL) (Kuang et al., 2014). One such validation 
received is EPA’s environmental technology verification and certification.

Faraday Technology, Inc. received a Presidential Green Chemistry 
Award for developing a chrome plating technology that employs trivalent 
chromium that is less poisonous as compared to hexavalent chromium, 
which is a known carcinogen. Applications of the process of Faraday’s 
plating comprise of a high-performance chrome plating for several uses 
in commercial and military markets. This replacement can decrease lots 
of pounds of hexavalent chromium without having to compromise on 
performance (). Chrome coatings deliver suitable resistance to sliding wear 
and abrasives in heavy-duty machinery, specifically pneumatic tubing. 
The plating process mechanism of FARADAYIC® TriChrome retains the 
benefits of a functional chrome coating but greatly decreases the risks that 
are associated with the plating procedure by employing Cr (III). The newly 
developed technology is not difficult to install in chrome plating facilities 
due to the requirement of just new plating bath electrodes. Using Faraday’s 
technology, we can eradicate around 13 million pounds of a waste of 
hexavalent chromium every year in the United States and almost around 
300 million pounds worldwide.

Buckman International, Inc. received a green chemistry award, in 2012, 
for producing enzymes that reduce the requirement of energy and wood fiber 
for the manufacture of high-quality paperboard and paper. The conventional 
method of making strong paper needed expensive wood pulp, chemical 
additives as well as energy-intensive treatment. These enzymes developed by 
Buckman’s Maximyze® can achieve the same objective by the modification 
of the cellulose present in wood to enhance the amount of “fibrils” that help 
in binding the wood fibers to each other, hence improving the quality and 
strength of the paper—without having to use additional energy or chemicals. 
Moreover, Buckman’s process permits making of paper using less wood 
fiber and higher proportions of recycled paper which enables a single plant to 
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save around $1 million each year (Kuang et al., 2014). Maximyze increases 
the strength to reduce the weight of the paper product or to replace some 
of the wood fiber with a mineral filler-like calcium carbonate. Maximyze 
treatment also makes use of less steam since the paper drains at a fast speed 
(increasing the rate of production) and expends less amount of electricity for 
refining. Such treatment is less lethal than presently used alternatives and is 
therefore safer to handle, transport, manufacture, and practice than prevalent 
chemical treatments employed for the production of paper.
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4.1 INTRODUCTION

Micro- to nanosized gallium oxide can be synthesized with and without the 
use of surfactant at low temperatures through various synthesis techniques 
involving hydrothermal routes. Rodlike structures of GaOOH crystals 
having an average width of 1.5 µm and length of approximately 2.5 µm 
can be manufactured from Ga and OH with an initial molar ratio of 1:3. 
Calcination of GaOOH at 900°C yields gallium oxide (â-Ga

2
O

3
) with 

morphological features similar to GaOOH. Ga and OH with an initial molar 
ratio of 1:5 can yield 65-nm-long nanotubes of ç-Ga

2
O

3
 with external and 

internal diameters of about 3 and 0.8 3 nm. These oxides of gallium can be 
synthesized directly in a solution using hydrothermal treatments at 100°C. 
The suitable combination of transmission electron microscopy (TEM), X-ray 
diffraction (XRD), N

2
 adsorption, energy-dispersive spectroscopy (EDS), 

and small-area electron diffraction (SAED) can be used to characterize the 
oxide micro- or nanostructures synthesized via a chemical route. Nonionic 
and cationic surfactants are typically used for the synthesis of gallium oxide 
nanostructures. Fabrication of inorganic nanostructured materials has gained 
an immense importance in nanotechnology and materials science over the 
last decade due to its wide-spread applications in adsorption, catalysis, 
ceramics, fluorescence materials, optical materials, and electrochemistry 
(Planeix et al., 1994; Fendler & Maldrum, 1995; Lakshmi, Patrissi, & 
Martin, 1997).

Gallium oxide (Ga
2
O

3
), typically called gallia, is a ceramic with the 

high melting point of approximately 1900°C (Patrissi & Martin, 1999; Li, 
Patrissi, Che, & Martin, 2000; Sides, Li, Patrissi, Scrosati, & Martin, 2002; 
Gowtham, Costales, & Pandey, 2006). Similar to aluminum oxide, gallium 
oxide can crystallize and form the polymorphs (R, ç, and â). Ga

2
O

3
 typically 

exists as an insulator at ambient temperature and pressure condition with 
an energy (band) gap of about 4.9 eV. However, Ga

2
O

3
 is a semiconductor 

at elevated temperatures, typically above 800°C (Sharma & Sunkara, 2002; 
Mazeina et al., 2009; Sinha et al., 2009; Samala, 2012). Oxygen vacancies 
in Ga

2
O

3
 convert it into an N-type semiconductor when it is calcinated in 

reducing environments (Tippins, 1965; Harwig & Kellendonk, 1978; Binet 
& Gourier, 1998; Liang et al., 2001).

Phosphorus, gas sensors, and catalysts have been extensively prepared 
using Ga

2
O

3
 (Ogita, Saika, Nakanishi, & Hatanaka, 1999; Ogita, Higo, 

Nakanishi, & Hatanaka, 2001; Tas et al., 2000; Weh, Frank, Fleischer, & 
Meixner, 2001). Presently, Ga

2
O

3
 is also being used to manufacture the solid 
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electrolytes of superior conductivity (Nakagawa et al., 2001; Petre, Auroux, 
Gelin, Caldararu, & Ionescu, 2001; Xu, Zheng, Hua, Yue, & Gao, 2006; 
Ishihara, Matsuda, & Takita, 1994; Ishihara, Matsuda, & Takita 1995). One-
dimensional (1D) gallium oxide, due to its large surface area, has also been 
of great importance for the synthesis of nanostructures such as nanotubes, 
nanowires, and nanoribbons for catalysts and sensor applications. The 
upcoming generation of optoelectronic and sensing devices can be a 
potential domain for the use of 1D gallium oxide nanostructures (Dai, You, 
Duan, Lian, & Qin, 2004; Xiang, Cao, Guo, & Zhu, 2003; Jung, Joo, & Min, 
2007).

Figure 27. A typical crystal structure of gallium oxide crystal lattice

[Source: https://en.wikipedia.org/wiki/Gallium (III)_oxide]

4.2 SIGNIFICANCE OF SOFT CHEMISTRY ROUTE

Numerous fabrication techniques have been investigated to develop one-
dimensional (1D) nanostructures of gallium oxide. Some common fabrication 
methods include thermal evaporation, chemical vapor deposition, thermal 
annealing, arc discharge, laser ablation, carbothermal reduction, microwave 
plasma, oxidation of milling gallium nitride, and catalyst-assisted routes 
(Kim, Kim, & Lee, 2004; Zhou et al., 2006 et al., 2007;). However, most 
of the fabrication techniques (discussed above) require high operating 
temperatures, typically about 1300°C and even above 1600°C (Hu, Li, 
Meng, Lee, & Lee, 2002; Choi et al., 2000; Huang, Yeh, & Ho, 2004; Gao, 
Bando, Sato, Zhang, & Gao, 2006). These synthesis routes also implicate 
complicated procedures, incorporating expensive elements as catalysts 
which may result in lower purification efficiencies, ultimately influencing 
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the characteristics of the target material. Recently, the fabrication of 1D 
nanostructures using via soft chemical routes at lower temperatures is 
drawing great attention due to the clear benefits, such as energy efficiency, 
environmental friendliness, and economics (Zhu, Yang, Zhou, & Zhang, 
2006; Blom, Mihailetchi, Koster, & Markov, 2007; Chun et al., 2003). 
Similar to the synthesis of aluminum oxide, the essential precursor for the 
synthesis of gallium oxide is gallium oxide hydroxide (GaOOH) (Zhang et 
al., 1999; Gundiah, Govindaraj, & Rao, 2002; Kim et al., 2002).

Presently, a limited number of synthesis routes are used for the 
fabrication of 1D Ga

2
O

3
 or GaOOH nanostructures. Sato and Nakamura 

(1982) investigated the precipitation of GaOOH in a chemical solution 
formulated by blending gallium chloride with various alkalis such as 
Na

2
CO

3
, NaOH, KOH, NaHCO

3
, and NH

4
OH. Hamada, Bando, & Kudo 

(1986) investigated the creation of monodispersed GaOOH nanoparticles 
with an average diameter of 100 nanometers in the presence of sulfates by 
hydrolysis reactions at high temperatures. Avivi, Mastai, Hodes, & Gedanken 
(1999) developed cylindrical-layered scroll-like crystals of GaOOH with a 
trace amount of metallic gallium enclosed inside through a sonochemical 
reaction. Tas, Majewski, & Aldinger (2002) produced spindle-like single 
crystals of GaOOH and quadrilateral prisms by instigating the forced 
hydrolysis of Ga3+ in the presence of decomposed urea and pure water. The 
calcination process results in the loss of morphological features in spindles, 
whereas the morphology of quadrilateral prisms is maintained.

Figure 28. Schematic illustration of 1D nanostructure synthesis via various 
chemical routes using different solvents
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[Source: http://pubs.rsc.org/en/content/articlelanding/2014/cs/c3cs60219b/un-
auth]

Cheng and Samulski (2001) synthesized â- and ç-Ga
2
O

3
 nanotubes by 

dipping Al
2
O

3
 membranes in an amorphous sol of Ga

2
O

3
âH

2
O, followed by 

dehydrating and induction heating at 500°C. Patra et al. (2006) synthesized 
GaOOH rods of sub-micrometer size by refluxing the aqueous solution of 
NH

4
OH and Ga(NO

3
)

3
 in a microwave furnace. Zhang, Wu, Hu, & Shi (2007) 

fabricated nanorods of GaOOH through a large-scale hydrothermal process 
using GaCl

3
-H

2
O-NaOH solution with controlled pH conditions (Liu, Qiu, 

Zhao, Zhang, & Yi, 2007). Ristic, Popović, & Musić (2005) investigated 
the use of the solgel technique in the fabrication of gallium oxide and 
gallium oxyhydroxide by the hydrolysis of GaCl

3
 and gallium isopropoxide 

in the presence of aqueous tetramethylammonium hydroxide solution. In 
the recent past, Liu et al. (2007) synthesized nanorods of Ga

2
O

3
 by the 

conversion of hydrothermally produced GaOOH nanorods using NaN
3
 and 

Ga
2
O

3
 as precursors. Zhang et al. (2007) explored a green hydrothermal 

route (performed at 200°C) for the production of GaOOH nanorods using 
water and Ga

2
O

3
 starting materials in the absence of a surfactant. It has 

been observed that gallium oxide hydroxide or gallium oxide nanostructures 
fabricated through non-hydrothermal methods are beltlike or threadlike 
which are much smaller in width and longer in length than those developed 
through hydrothermal routes. The morphology of GaOOH or Ga

2
O

3
 reported 

via the hydrothermal route is spindle-like or rodlike crystal having a width 
of 100 nanometers with a small surface area to volume ratio.

The objective of the research on the synthesis of Ga
2
O

3 
is to investigate 

the effect of experimental methods on the properties of gallium oxide-based 
nanomaterials. Zhao, Frost, & Martens (2007) prepared micro- to nanosized 
gallium oxide particles under different experimental conditions using the 
soft chemical route. For comparison purposes, both cationic and nonionic 
surfactants were employed to get a comprehensive understanding of the 
gallium oxide growth. Excitingly, it was reported that the nanotubes of Ga

2
O

3
 

with a width of 3 nanometers could be materialized using a low-temperature 
hydrothermal process. The report by Zhao et al. (2007) is considered the 
pioneer for the synthesis of gallium oxide via a soft chemical route at lower 
temperatures without calcination reactions (Zhan, Bando, Hu, & Golberg, 
2004; Graham, Sharma, Sunkara, & Davis, 2003; Knez et al., 2006).
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4.3 EXPERIMENTAL METHODS

Analytical-grade Ga(NO
3
)

3
, HNO

3
, and NaOH are employed as precursors 

to synthesize the precipitates of gallium hydrate. Cationic surfactants 
(N-cetyl-N, N, N-trimethylammonium bromide-CTAAB and C

19
H

42
NBr) 

and nonionic surfactants (polyethylene oxide-PEO, C
12

-14H
25

-29O 
(CH

2
CH

2
O)7H, and Tergitol 15-S-7) are typically used in the synthesis 

process. Two fabrication routes are explained in this chapter. The detailed 
experimental route followed by Zhao et al. (2007) is discussed in the 
appending text.

About 0.012 mol of Ga(NO
3
)

3
 was mixed in pure water to develop a 

solution (A) with a molar ratio of water to metal ion of 100:1 and heated to 
80°C. 1.5 molar NaOH was gradually added into the solution (A) dropwise. 
Around 0.036 mols (three times the quantity of Ga(NO

3
)

3
) of NaOH was, 

collectively, used to create a precipitate. The chemical mixture was then 
airtight and put in a shaking bath at a shaking rate of 100 rpm at a temperature 
of 80°C for 2 hours. The resultant precipitate was obtained by centrifugation 
process and washed with the pure water many times to ensure the removal of 
sodium nitrate. The final (washed) precipitates were divided into three equal 
parts, followed by mixing of two parts with CTAB and PEO separately. 
However, no surfactant was incorporated in the remaining (third) part.

Table 3. Lattice parameters for various samples prepared before and after cal-
culations

Sample ID lattice parameter (Å) Error Value

precipitate a 0.00243 9.820

b 0.00073 2.975

c 0.00141 4.565

P1-PEO a 0.00104 9.812

b 0.00032 2.974

c 0.0006 4.572

P1-CTAB a 0.00118 9.812

b 0.00047 2.973

c 0.00078 4.568

P1-None a 0.0015 9.810

b 0.00047 2.974

c 0.00078 4.566
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P1-PEO-c a 0.00459 12.228

b 0.00113 3.035

c 0.00264 5.803

P1-CTAB-c a 0.00308 12.243

b 0.00042 3.035

c 0.00098 5.810

P1-None-c a 0.00432 12.254

b 0.00084 3.035

c 0.00158 5.803

The molar ratio of Ga to surfactant is 1: 0.4, while the amounts of added 
PEO and CTAB were equal. Samples were vigorously stirred for 2 hours at 
room temperature. After stirring, the specimens were treated hydrothermally 
at 100°C for 48 hours. The specimens were then splashed with ultrapure water 
many times and dehydrated in the air at about 80°C. The calcination of dried 
solids was carried out for 2 hours at 900°C. The dehydrating temperature was 
increased from the room temperature at a constant rate of 2.5°C/min. The 
end products prepared with and without the addition of surfactants (CTAB, 
PEO) before and after calcination were termed as P1-PEO, P1-None, P1-
CTAB, P1-PEO-c, P1-None-c, and P1-CTAB-c, respectively.

Table 4. Crystallite size calculations, peak positions and HWHM for specimens 
manufactured through procedure 

Sample name H, K, L Size (nm) Peak position 
(Deg)

HWHM (Rad)

Precipitate 400 56.9 36.576 0.0026

200 47.7 39.393 0.0031

P1-PEO 400 53.3 36.571 0.0027

200 43.2 39.394 0.0034

P1-CTAB 400 58.6 36.590 0.0025

200 36.2 39.467 0.0041

P1-None 400 54.1 36.584 0.0027

200 34.3 39.456 0.0043

P1-PEO-c 400 22.0 30.058 0.0065
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P1-CTAB-c 400 19.2 30.098 0.0075

P1-None-c 400 22.7 30.064 0.0063

The alternate synthesis route (procedure 2) does not involve the 
preparation of gallium hydrate (precursor) at the initial stage. However, clear 
solutions were synthesized in three different containers by mixing 0.015 
molar NaNO

3
 in 10 ml water and 0.003 molar gallium nitrate solution in 10 

ml water at ambient room temperatures. The resultant transparent solution 
was sealed, followed by constant stirring at a rate of 100 rpm for 2 hours at 
80°C. The first two containers were added with 0.0025 mol CTAB and PEO, 
respectively, while the third container was kept intact. After the addition of 
surfactants, the solutions were provided with 5 ml ultrapure water, followed 
by constant stirring for 30 minutes to ensure the uniformity of the solution. 
Analytical-grade HNO

3
 was added to the solution in each container to form 

a white precipitate with a pH value of 9.5. Each container was sealed and 
stored in the autoclaves, followed by hydrothermal treatment at 100°C for 
48 hours. The final products prepared with surfactants (CTAB and PEO) 
and without surfactants were categorized as P2-CTAB, P2-None, and P2-
PEO, respectively. Finally, the resultant specimens were characterized using 
several advanced techniques (Zhao & Frost, 2008).

A transmission electron microscope (Philips CM 200) is used at 200 KV 
to examine the morphology of gallium oxide specimens. Energy-dispersive 
X-ray (EDX) analysis using the transmission electron microscope was 
carried out using Oxford Instruments Link microanalysis system. X-ray 
diffraction (XRD) analysis was carried out using an X-ray diffractometer 
(PANalytical X’Pert PRO) with a copper X-ray tube, operating at 35 mA and 
45 kV (Zhao et al., 2007)

4.4 CHARACTERIZATION OF GALLIUM OXIDE

Different characterization methods are employed to investigate physical, 
chemical, morphological, and crystallographic properties of gallium oxide. 
Some common characterization techniques and their functionalities are 
discussed in the subsequent text.

4.4.1 Surface Properties, Morphology, and Phase

Figure 29 illustrates the XRD graph with patterns of different specimens 
synthesized through procedure 1. XRD pattern of pure CTAB is also 
incorporated in Figure 3 as a reference entity. PEO surfactant is liquid at 
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room temperature; therefore, no XRD peaks are shown in Figure 29. The 
precipitate specimen quoted in Figure 3 was synthesized through procedure 
1 before hydrothermal treatment, followed by 2 hours of aging.

It was observed that the synthesis of GaOOH in place of Ga-(OH)
 3
 was 

desirable in a pH range of 6–8 (Carrot et al., 1987). The molar ratio of NaOH 
to Ga(NO

3
)

3
 used for reactions in procedure 1 is 3:1, in which the pH of the 

colloidal precipitates after reactions was closer to neutral. It is quite evident 
from Figure 29 that all the peaks in the diffraction pattern of the precipitate 
sample can be allotted to orthorhombic GaOOH. These results are congruent 
with the experimental results obtained by Zhang et al. (1999).

Figure 29. XRD patterns of the specimens prepared through procedure 1 prior 
and postcalcination

[Source: http://pubs.acs.org/doi/abs/10.1021/jp075575y]

It can be observed from the XRD patterns that all the specimens before 
and after hydrothermal treatment (with and without surfactant) at 100°C 
for 48 hours are pure and well-crystallized phases of GaOOH. The above 
indication suggests the absence of any phase transformation during the 
growth process of GaOOH crystals. As compared to the precipitate sample, 
the increment in peak sharpness was not observed for other samples after 48 
hours of hydrothermal treatment. It was obvious from the observation that 
there was a negligible change in specimens’ crystallinity during the process 
of hydrothermal treatment. XRD peaks of the specimens after calcination 
can be allocated to monoclinic â-Ga

2
O

3
, that is, JCPDS card 00–041–1103. 

The XRD peaks from the corresponding GaOOH were not observed, which 
indicate the complete transformation of the GaOOH phase into â-Ga

2
O

3
 

after calcination (Kaneko, Ishii, & Ruike, 1992).
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Figure 30. XRD patterns of specimens synthesized by PEO through procedure 
2

Source: http://pubs.acs.org/doi/abs/10.1021/jp075575y]

XRD analysis was used to characterize the general crystal structure of the 
manufactured specimen via procedure 2. XRD patterns of all the specimens 
fabricated with and without the use of surfactants are similar. Figure 30 
illustrates the XRD pattern of specimen formulated with PEO surfactant. It 
was reported that GaOOH phases were attained by low-temperature (180°C) 
hydrothermal treatment. However, Ga

2
O

3
 is prepared at high temperatures, 

that is, 500°C. All the specimens developed by Zhao et al. (2007) were 
treated at fairly low temperatures (<100°C). It is quite evident from Figure 
30 that the diffraction pattern peaks cannot be indexed to gallium oxide 
hydroxide. The overall broad diffraction pattern indicates the presence of 
small-sized particles in the resultant specimen. It can be noticeably observed 
that all the diffraction peaks in Figure 30 can be allotted to cubic gallium 
oxide (ç-Ga

2
O

3
) instead of monolithic solid gallium oxide (â-Ga

2
O

3
), that is, 

JCPDS card 04–004–4118 instead of JCPDS card 00–041–1103.

4.4.2 Determination of pH

The molar ratio of NaOH to Ga(NO
3
)

3
 for procedure 2 reactions is 5:1, that 

is, there is an abundant amount of alkali in the reaction. In this study, the 
solution of sodium hydroxide was gently dropped into an aqueous solution 
of gallium nitrate with an initial pH value of around 1.8–1.9 (Barret et al., 
1951; Voegtlin et al., 1997). A transparent solution, with the pH ≤ 10 and 
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pH ≤ 3, was formulated in the system containing Ga(NO
3
)

3
-H

2
O-NaOH. 

The pH of the system is slightly different from the clear solution of the 
system containing GaCl

3
-H

2
O-NaOH with pH ≤ 9 and pH ≤ 4 (Joyner et al., 

1951). In primary stages, gallium existed as soluble salts (e.g., Ga(OH)
2
NO

3 

and Ga(OH)(NO
3
)

3
) with pH ≤3. The system became turbid soon after the 

appearance of a fluffy precipitate accompanied by a pH change from 3 to 
10. The gallium compound starts converting into a deprotonated acid of 
gallium due to a gradual increase in pH value over 10. In this experiment, 
the complete mixing aqueous Ga(NO

3
)

3
 solution and the NaOH solution 

result in the formation of a clear solution. No precipitate or solid product 
was witnessed after the aging of a clear solution for 2 hours, which was 
also observed for the system containing GaCl

3
-H

2
O-NaOH at a pH of 9 

(Basaldella, Tara, Armenta, Patino-Iglesias, & Castellón, 2006).

4.4.3 Characteristics of Crystal Structure

Lattice parameters of the specimens (synthesized through procedure 1 pre- 
and postcalcination) before hydrothermal treatment and after aging process 
were calculated by utilizing XRD pattern data (Table 1). As compared to 
the precipitate specimen, the lattice parameters c increased, and a decreased 
after hydrothermal treatment of the other specimens. However, the lattice 
parameter b remained constant during the hydrothermal treatment. A minimal 
difference was observed in the lattice parameters c and a between specimens 
synthesized before calcination with and without the use of surfactants after 
hydrothermal treatment. It was reported that P1-PEO specimen possesses 
the highest lattice parameter c. On the other hand, the samples prepared 
after calcination with and without the use of surfactants also exhibited 
disparities in lattice parameters c and a. Parameter a particularly showed a 
comparatively large difference in its value. A minimum effect was observed 
for parameter b due to the addition of surfactant (Fernandez et al., 2004).

Table 5 exhibits the peak position, crystallite sizes, and half-width half-
maximum of specimens synthesized through procedure 1 before and after 
calcination. The size of crystallites along c and crystallographic directions 
in precipitate specimen before hydrothermal treatment and after aging 
process are 47.7 and 56.9 nm, respectively. After 48 hours of hydrothermal 
treatment, the size of crystallites in specimens manufactured with and 
without the use of surfactants fluctuates from 34.3 to 43.2 nm alongside 
the crystallographic direction c and from 53.3 to 58.6 nm alongside the 
crystallographic direction a. It was observed that a specimen synthesized 
with CTAB surfactant contains a larger size of crystallites before calcination 



Handbook of Chemical and Biochemical Technologies118

reactions and smaller size of crystallites after calcination reactions along 
the crystallographic direction a, while the other two specimens, synthesized 
with PEO surfactant and without the use of surfactant, did not show such 
kind of dilation in the lattice parameters (Aaritalo, Piispanen, Rosling, & 
Areva, 2011).

Figure 31. Morphological characteristics of specimens synthesized by proce-
dure 1: (A) Transmission electron microscopic image of P1-PEO specimen. (B) 
Scanning electron microscopic (SEM) image of P1-PEO specimen. (C) SEM 
micrograph of precipitate samples with 2 hours of aging. (D) Specimen dur-
ing constant shaking and stirring. (E) SEM micrograph of a precipitate speci-
men taken after the reaction and before aging process. (F) SEM image of the 
GaOOH crystal section at the end. [The scale bar in parts F and A is 500 nm, 
part B 5 µm, and parts C, D, and E 2 µm].

[Source: http://pubs.acs.org/doi/abs/10.1021/jp075575y]

The formation of spindle-like, rodlike, and zeppelin-like GaOOH 
nanoparticles under various conditions has been reported in some of the 
previous studies. In the current work by Zhao et al. (2007), the morphological 
characterization of the resultant specimens synthesized through procedure 1 
was carried out by SEM and TEM. Figure 31(A, B) illustrates the typical 
SEM and TEM images of a specimen synthesized with PEO surfactant after 
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hydrothermal treatment before calcination reactions. It is quite obvious from 
Figure 31A that the resultant crystals of gallium oxide hydroxide in P1-
PEO specimen are rodlike containing a smooth surface. The corresponding 
diffraction spectra of GaOOH single crystal have been shown in the 
inset. There was no evidence of fluffy aggregates in the specimens after 
48 hours of hydrothermal treatment manufactured from procedure 1 with 
and without the use of surfactant. Figure 31 (B, F) depicts the rhombus 
cross section of the resultant GaOOH rods. The lengths of the quadrilateral 
rods manufactured with PEO surfactant ranged between 2.16 and 3.09 
µm, with an average value of 2.56 µm. On the contrary, the average length 
values of a specimen synthesized with CTAB surfactant and without any 
surfactant are typically 2.52 and 2.54 µm, respectively. The average width 
of the quadrilateral prisms produced with CTAB and PEO and without the 
use of surfactant is 1.55, 1.53, and 1.56 µm, respectively. It is estimated 
that the overall morphological features of the specimens produced through 
procedure 1 (with and without the use of surfactant) must be similar (Yokoi, 
Yoshitake, & Tatsumi, 2004).

Figure 31C exhibits the morphological features of a precipitate 
specimen obtained after 2 hours of aging with a constant shaking before the 
hydrothermal treatments. The whole precipitate specimen is a quadrilateral 
prism with smooth surfaces. The width of the specimen ranges between 
0.89 and 1.67 µm with an average value of 1.32 µm that is approximately 
15% lesser than that of specimens obtained after 48 hours of hydrothermal 
treatment. On the other hand, the length of the quadrilateral prism in the 
precipitate specimen ranges between 2.05 and 2.63 µm, with a mean value 
of 2.40 µm, which is around 5% lesser than that of specimens obtained after 
48 hours of hydrothermal treatment. The growth process of GaOOH was 
studied by taking out a specimen after the addition of NaOH solution in the 
aqueous solution of Ga(NO

3
)

3
 under the constant stirring at 80°C (before 

thermal aging). Figure 31E shows the morphology of this specimen. It 
can be observed that the specimen taken out before the aging process is a 
structureless aggregate with no ordered quadrilateral rods. The above data 
propose that the growth of GaOOH crystals from a colloidal precipitate to 
quadrilateral prism primarily occurred during the aging process. Conversely, 
a rapid crystal growth can occur during the 2 hours of stirred aging to 
produce natural gallium oxide hydroxide crystals (quadrilateral prisms). 
The specimens were compared by keeping all the synthesis parameters same 
except the use of stirring in place of shaking during the aging process. It was 
observed that the resultant crystals of GaOOH possessed layered structured 
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after aging and before hydrothermal treatment, which indicates the effect of 
vigorous stirring on the growth of GaOOH crystals.

A similar crystallographic phenomenon was also witnessed in an 
experiment on Ga-doped AlOOH with the Ga content of around 20%. The 
formation of layered GaOOH structure in the initial stage is unclear because 
of the constant stirring. It is quite probable that the stirring caused the 
regularly shaped quadrilateral prism to get damaged, ultimately resulting in 
the creation of the layered structure of gallium oxide hydroxide (GaOOH) 
crystals. A trace amount of comparatively smaller nanorods making 
flowerlike or cross-shaped structures was also witnessed in this specimen. 
The fragmented layered crystals of GaOOH retained their morphological 
features after 48 hours of hydrothermal treatment. The following conclusions 
can be drawn from the above observations:

•	 The rapid crystal growth occurred for GaOOH during the 2 hours 
of aging process.

•	 The crystals of GaOOH were created by consuming the 
structureless aggregate of nanoparticles.

•	 The formation of comparatively larger crystal resulted in the 
slowing of growth rates (Eklund, Bäckman, Idman, Norström, & 
Rosenholm, 2000; Klaysri, Tubchareon, & Praserthdam, 2017).

4.4.4 Absorption and Desorption Properties

Figure 32 demonstrates the morphological features of Ga
2
O

3
 specimens 

produced from procedure 1 with and without the use of the surfactants. The 
morphological characteristics of GaOOH can be reserved after calcination 
process, irrespective of the surfactant type and quantity.

It is quite a challenging job to demonstrate the morphological 
differences among specimens synthesized with CTAB and PEO just 
through SEM analysis. N

2
 adsorption/desorption studies, cumulative pore 

volume, pore size distribution, and t-plot analysis studies were performed 
to measure the porosities and surface areas of the resultant samples. It is a 
well-established fact that the porosity of the solids strongly influences the 
absorption characteristics. If the material is mesoporous, the capillary-type 
condensation reactions will take place in each pore after the approaching the 
relative pressure to a certain value which is associated with the pore radius 
by the Kelvin equation, ultimately resulting in a type IV isotherm (Abou-El-
Sherbini et al., 2010).
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Figure 33 illustrates the adsorption/desorption isothermal curves for 
specimens synthesized through procedure 1 after calcination reactions. 
All these isothermal curves can be indexed as type IV isotherm due to the 
presence of the mesoporous structure. The presence of micropores and 
mesopores was indicated by three isotherms forming hysteresis loops of 
type H3, which do not show any restrictive adsorption at high P/P0. Sinha 
et al. (2009) reported that aggregates of platelike particles instigate the 
type H3 loop which is usually associated with slitlike pores. The rodlike 
morphological features present in the resultant â-Ga

2
O

3 
result in

 
slitlike 

as reported by Sinha et al. (2009). Monolayer–multilayer adsorption can 
be observed in the initial portion of the isotherms which contain the same 
adsorption and desorption curves.

Figure 32. SEM micrographs of specimens. (A) Synthesized without the use of 
surfactant. (B) Synthesized with PEO and (C) synthesized with CTAB through 
procedure 1 after calculations.

[Source: http://pubs.acs.org/doi/abs/10.1021/jp075575y]

The extraordinary small adsorption of nitrogen at low P/P0 indicates 
the low porosity content in all the three samples. It is quite obvious from 
Figure 7 that specimens synthesized with surfactant (P1-PEO-c) and 
without surfactant (P1-None-c) exhibit similar hysteresis effects near 
superposition which is an indication of the lower absorption. The graph 
indicates the predominance of capillary condensation specimens P1-None-c 
and P1-PEO-c. The isothermal curve for a specimen manufactured with 
surfactant P1-CTAB-c exhibited a comparatively lower hysteresis effect 
that is considered from P1-None-c and of P1-PEO-c. The diameter of the 
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filling pore is associated with the P/P0 location of the reflection points. It 
was observed that the steeper gas uptake sites for P1-PEO-c, P1-CTAB, 
and P1-None-c are 0.8, 0.9, and 0.8, respectively. The positioning results 
indicate that the crystal texture in samples P1-PEO-c and P1-None-c would 
be different from the texture of sample P1-CTAB-c. The t-plot analysis 
discloses significant information regarding the structure of pores. The t-plot 
for microporous materials is described by two linear regions. The first region 
symbolizes the layer-by-layer adsorption of gas in the mesopores, while the 
second region is linked with monolayer coverage and micropore filling (De 
Witte, Vercruysse, Aernouts, Verwimp, & Uytterhoeven, 1996).

The linear part of the t-plot signifies the microporosity, while the residual 
portion at greater thickness region relates to pores of slit shape between the 
crystal layers (Pierre, 1998). Figure 34 displays the t-plots of specimens P1-
None-c, P1-CTAB-c, and P1-PEO-c. It was reported by Kraout and Pierre 
(2007) that the t-plot would exhibit an upward deviation originating at a 
relative pressure which instigates the filling of the pores. Figure 6 displays 
the porosity profile of the three types of specimens. It can be observed 
that specimens P1-None-c and P1-PEO-c exhibit comparatively higher 
microporosity and mesoporosity than specimen P1-CTAB-c. The t-plot 
uptake was spanned over a lower thickness region for specimens P1-None-c 
and P1-PEO-c as compared to specimen P1-CTAB-c. The relative pressure 
is directly proportional to the thickness. Therefore, the t-plot analysis 
showed that the overall pore sizes in specimens fabricated with CTAB are 
unusually larger than those in specimens P1-None-c and P1-PEO-c. This 
result is consistent with the extraordinarily smaller hysteresis effects shown 
in Figure 30. The pore size distribution of specimens P1-PEO-c, P1-None-c, 
and P1-CTAB-c is shown in Figure 35. The pore sizes concentrated in 2–30 
nm range and the overall distribution curve for pore size of specimens P1-
None-c and P1-PEO-c are approximately similar. The highest volume of the 
pore was noted at 15 nm pore diameter for both samples P1-None-c and P1-
PEO-c. On the contrary, the specimens synthesized from CTAB surfactant 
exhibit extraordinary broad pore distribution curve as compared to the 
specimens synthesized with PEO and without surfactant. Most of the pores 
present in P1-CTAB-c possess a wide range of diameters (typically between 
10 and 70 nm). The highest volume of the pore was witnessed for the pores 
having a diameter between 20 and 30 nm (Schramm, Rinderer, Tessadri, & 
Duelli, 2010; Pierre & Rigacci, 2011).
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Figure 33. Nitrogen adsorption and desorption isotherms for specimens pro-
duced through procedure 1 after calculations

[Source: http://pubs.acs.org/doi/abs/10.1021/jp075575y]

Figure 34. t-plot of specimens synthesized through procedure 1 after calcula-
tions

[Source: http://pubs.acs.org/doi/abs/10.1021/jp075575y]

Table 5. Pore volume (Vp), pore diameter, and BET-specific surface area 
(SBET) for samples fabricated via procedure 1 after calcination

Sample ID SBET, 
m2âg−1

VP,
 a cm3âg−1 mean D, nm

BET-b BJHc

P1-PEO-c 9.09 16.16 27.9 15.7
P1-CTAB-c 7.11 7.38 30.5 29.1
P1-None-c 9.46 15.87 26.8 16.0
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Vpa= Cumulative adsorption volume of pores ranging from 1.7 to 300 nm 
diameter.

BETb= Average adsorption diameter of the pore (4V/A by BET).

BJHc= BJH (Barrett–Joyner–Halenda) average desorption diameter of pore 
(4V/A)].

S
BET

 (BET-specific surface area), pore diameter, and V
p
 (pore volume) 

of specimens fabricated with and without the use of surfactant through 
procedure 1 are illustrated in Table 6.

BET-specific surface areas for specimens fabricated without surfactants 
and with surfactants (CTAB and PEO) through procedure 1 after calcination 
reactions are, respectively, 7.11, 9.09, and 9.46 m2âg−1. It was observed that 
specimens manufactured with surfactants contained lower surface areas as 
compared to the specimens synthesized without surfactants. Particularly, 
sample P1-CTAB-c exhibited 25% reduction in the surface area as compared 
to the specimen P-None-c. The surface areas of samples P1-None-c and P1-
PEO-c are entirely congruent.

Figure 35. The distribution of pore size in specimens synthesized through pro-
cedure 1 after calculations

[Source: http://pubs.acs.org/doi/abs/10.1021/jp075575y]

Considerably lower pore volumes were observed for the specimens 
fabricated with CTAB surfactant (7.38 cm3âg−1). On the other hand, the 
specimens P1-None-c (15.87 cm3âg−1) and P1-PEO-c (16.16 cm3âg−1) 
exhibited higher pore volumes.
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Figure 36. A SEM micrograph was taken at high magnification exhibiting the 
detailed morphological feature of (A) specimen P1-None-c, (B) specimen P1-
PEO-c, (C) specimen P1-CTAB-c, and (D) specimen P1-CTAB.

[Source: http://pubs.acs.org/doi/abs/10.1021/jp075575y]

The morphological features of the specimens manufactured with and 
without the use of surfactants via procedure 2 are exhibited in Figure 36. 
It is quite obvious that amorphous aggregates are abundantly present in 
specimens P2-None, P2-CTAB-c, and P2-PEO. Approximately 69-nm-long 
nanotubes and CTAB with external and internal diameters of around 3.0 
and 0.8 nm were produced in all these three specimens. The XRD results 
presented in Figure 29 are consistent with the above-mentioned TEM results.

Figure 37. TEM image of the specimens synthesized (A) without any surfac-
tant, (B) with PEO surfactant, and (C) with CTAB surfactant
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[Source: http://pubs.acs.org/doi/abs/10.1021/jp075575y]

It was observed that a trace amount of nanotubes was produced in 
the specimen manufactured without a surfactant. The total length of the 
nanotubes produced in the specimen manufactured without a surfactant was 
extraordinary smaller than those produced in specimens fabricated with 
surfactants. A clear difference that can be observed from TEM images for 
specimens manufactured with CTAB and PEO is the formation of lesser 
nanotubes in the former (CTAB-based specimen) than in the latter (PEO-
based specimen).
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5.1 INTRODUCTION

This chapter accounts for the discussion related to the application of the 
solgel process for the synthesis of novel materials with nanostructures. This 
chapter contains detailed presentation regarding the processing of metallic, 
ferroelectric, semiconducting, and scintillating nanoparticles incorporated in 
a variety of oxide matrices. Various nanosynthesis methods for nanoporous 
oxides and inorganic–organic nanohybrids are also addressed in the 
subsequent sections.

The rising interest in nanomaterials requires the development and 
commercialization of processing methods which account for the tailoring 
of particular features at nanometer scales. One major technique employed 
for engineering such nanostructures deals with the chemical exploitation of 
building blocks at nanolevels. Traditional processing approaches for ceramics 
involve grinding, heating, and pressing microsized powders. Therefore, it 
is quite challenging to produce nanostructures with traditional fabrication 
methods. However, the following are the examples of nanostructure 
development which involve traditional synthesis routes.

•	 Nanocrystallites’ growth from the glass melts.

•	 Synthesis of metallic and semiconducting nanocrystallites 
through a technique called “striking a glass.”

•	 Formation of partially stabilized zirconia (ZrO
2
)-containing 

metastable nanoparticles and tetragonal ZrO
2
 in a cubic matrix.

The advent of low-temperature chemical synthesis processes (e.g., solgel) 
has provided a reliable alternative to develop novel material structures. 
Recently, numerous low-temperature processing methods have emerged 
with novel processing strategies. Controlled chemical reactions taking 
place at room temperature can be employed to synthesize nanomaterials 
with customized properties. The size, mobility, and compositions of the 
resultant molecules can be maneuvered by controlling different parameters. 
Therefore, the solgel method presents an excellent prospect to design and 
develop novel nanomaterials with tailor-made characteristics. This chapter 
contains the detailed information regarding several solgel techniques which 
have been effectively utilized to engineer nanostructure ceramics or glasses. 
Some of the solgel processes utilize the characteristics of versatile and 
complex condensation and hydrolysis reactions, while others make use of 
the nanoporosity (present in the gels) as a host for a variety of inorganic 
clusters or molecules. The chemical states and system chemistry play 
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an important role in controlling the resulting nanostructures. Examples 
of chemically produced products include nanoporous silica, metallic, 
ferroelectric, semiconductor, and oxide nanocrystallites and nanohybrids 
(organic/inorganic).

5.2 NANOPOROUS OXIDE GELS

Chemical synthesis of ceramics and other hybrid compounds is usually 
carried out by the solgel process (Henry & Sanchez, 1988; Brinker & Scherer, 
1990; Hench & West, 1990). Solgel process has been extensively employed 
in the processing and engineering of various oxides in the form of fibers, 
coatings, and bulk compounds. The synthesis of silica from liquid silicon 
organic–metal precursors is possibly the oldest and most explored solgel 
technique. A solgel process involves hydrolysis and condensation reactions 
in the presence of an organic–metal precursor, for example, tetraethoxysilane, 
dissolved in a suitable solvent (i.e., ethanol) with or without the utilization 
of a catalyst. A gel is formed as a result of chemical reactions which lead 
to an increase in viscosity of the solution. A typical ceramic gel consists of 
Si–O–Si covalent bonds which form a network containing reaction products. 
The removal of reaction products via evaporation results in the formation 
of a nanoporous structure. Pore size, interconnectivity, and distribution are 
affected by process parameters which are listed below:

•	 The amount and type of solvent,

•	 Nature of the catalyst,

•	 Process temperature, and
•	 The presence and configuration of template molecules.

Figure 38. Synthesis route of a typical solgel process

[Source: https://www.researchgate.net/publication/290797153_Sol-gel_Based_
Materials_for_Biomedical_Applications/figures? lo=1]
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The porous gels produced by solgel method constitute an incredibly fasci-
nating class of nanomaterials. The structure of nanoporous materials can be 
tailored for orientation, size, connectivity, or arrangement and investigated 
for various applications, for example, sensors, chromatography columns, 
low dielectric materials, catalyst support, or controlled reactant release.
Klein and Woodman (1996) investigated various solgel methods which can 
be utilized to synthesize silica. Additionally, the effect of different process 
parameters on the properties of gels has also been discussed in the study. The 
interconnected pores in the gels can be soaked and functionalized with an 
organic dye or molecules. This new material is considered the “backbone” 
of the chromatographic industry. The nanoporosity of the gels produced 
from solgel processes can also be engineered for different novel functional-
ities. For instance, tetramethylammonium silicate or TMAS can be used to 
manufacture materials with low dielectric constant. TMAS is a structuring 
agent which is typically used in the synthesis of zeolite. Previously, silica 
films with approximately 50% porosity and uniform distribution of pore size 
(i.e., average pore size= 40 Å) have been fabricated, resulting in a custom-
ized material having a dielectric constant of 2.5 (Kim, Du, Bhandarkar, & 
Johnson, 2002). 

Figure 39. Common applications of solgel process

[Source: https://www.gelest.com/applications/sol-gel-applications/]

Currently, template molecules are being used to engineer nanoporous 
materials for various applications (Lu, 1998). The use of surfactant micelles 
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as pore-producing agents has resulted in the formation of nanoporous 
dielectric films having uniform pore sizes (typically 5-nm-thick films). 
Surfactants and tetraethoxysilane (TEOS) are usually blended in an 
aqueous–acidic environment. During the spin-coating process, the solvent is 
rapidly removed which results in the formation of micellar aggregates from 
the surfactant molecules. The removal of surfactant results in the formation 
of an extremely porous SiO

2
 film, with controlled pore size and porosity. 

Proper application of dehydroxylation treatments results in the formation of 
a stable thin film with low dielectric constants, that is, 1.8–2.2 (Baskaran et 
al., 2001).

Presently, scientists are exploiting the use of self-assembling molecules 
for the synthesis of nanoporous and mesoporous materials from solgel 
processes. It is quite possible to facilitate mass transfer in catalysis or 
adsorption by confining one- or more dimensional parameters of mesoporous 
silica, ultimately forming a well-ordered nanoporous structure. Shan, Wang, 
Zhang, & Tang (2005) obtained nanoporous silica flakes using a TEOS-based 
chemical solution consisting of 24-nm pores. The flakes showed excellent 
characteristics in adsorbing biomolecules (Shan, 2005). Various nanoporous 
oxide-based gels have been synthesized using self-assembling molecules. 
Mesoporous silica with inconsistent architecture and pore size has been 
developed from block copolymers using one block of polyelectrolyte as a 
template. Connectivity and pore size are defined by the structural architecture 
of the block copolymer mesophases or micelles; that is, the resultant 
network of silica gel is a replica of the original self-assembling structure. 
Different aggregate structures with spherical pores (10–50 nm) are usually 
obtained depending on the salt content and relative block lengths of the 
copolymers in the reaction mixture. The resultant structures can also attain 
more complex architectures which include rattles, that is, the multilamellar 
vesicles (Kramer, Förster, Göltner, & Antonietti, 1998; Göltner, Berton, 
Krämer, & Antonietti, 1998; Göltner, Berton, Krämer, & Antonietti, 1999). 
Chemical fabrication routes present a great potential to fabricate complex 
and original material structures. For instance, Schlottig, Textor, Georgi, & 
Roewer (1999) used the mixture of ethanol, tetraethoxysilane, HCl, and 
water added in different molar ratios to develop the arrays of closed silica 
nanotubes. Pores in alumina (Al

2
O

3
) membrane were filled by employing 

both dip- and spin-coating techniques. Nanotubes were obtained after the 
partial removal of Al

2
O

3 
from the coated membrane (Schlottig et al., 1999).
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5.3 NANO ORGANIC–INORGANIC HYBRID MA-
TERIALS (POLYMERS, PROTEINS, AND DYES) IN 

GELS

As illustrated above, it is evident that the derivative of solgel route is a 
nanostructured gel which exhibits porosities in the range of nanometers. 
In several cases, the gel porosity is developed around an organic–template 
molecule, that is, surfactants. On the other hand, the porosity can also 
develop as a result of the evaporation reactions. In all the cases, one of 
the major benefits of the solgel process is the ability of the organic and 
inorganic ingredients to coexist in the same matrix at lower processing 
temperatures. In conventional ceramic processing, the coexistence of organic 
and inorganic phases is barred by the extremely high temperatures necessary 
for processing the oxide matrices. The organic constituents present (either 
adsorbed or chemically bonded) in the oxide gels play an important role 
in enhancing the functionality of structures at the nanoscale. Previously, 
the inorganic–organic hybrids were considered a kind of nanocomposites 
which were nearly impossible to engineer. However, nowadays, it is 
conveniently feasible to engineer these nanocomposites. The organic 
matrices can be positioned within the inorganic matrices using one of two 
methods: It is either soaked into the porous and dry gels or mixed into the 
solution containing solgel. In the first method, the organic constituent may 
be physically adsorbed onto the surface of the pore or chemically attached 
to the structural backbone. In the second method, the organic constituent is 
typically adsorbed on the pore surface (Sanchez & Ribot, 1994).

The organic dye molecules can be conveniently supplemented with a 
solgel aqueous solution. This phenomenon was primarily reported by Avnir 
et al. (1988) for the addition of rhodamine 6G dye to an alcoholic solution 
of TEOS. The dye molecules are evenly dispersed in the alcoholic TEOS 
solution. The gelation process results in trapping of the dye molecules that 
get in the porous oxide-based gel matrix. The trapping of dye molecules 
is followed by the formation of a nanomaterial (organic/inorganic). The 
intention of the experiment conducted by Anvir et al. (1988) was to develop 
lasers from organic dyes. The organic dyes were observed to be stable in 
the oxide matrices. On the other hand, it was established that the stability of 
several laser dyes was altered by atmospheric conditions, which emphasizes 
on the functionalities of the porosities in these nanomaterials (Lin, Bescher, 
Mackenzie, Dai, & Stafsudd, 1992; L’Espérance & Chronister, 1993; 
Salomons, 1998). To date, various organic dyes have been blended with a 
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solgel solution to develop a range of dyed glasses customized for various 
commercial applications (Reisfeld, 2002; Seker, Meeker, Kuech, & Ellis, 
2000). Several other organic compounds have also been employed to 
enhance the sensing characteristics of dyes (Bescher & Mackenzie, 1998).

Schmidt (1985) observed that the oxide structure could be tailored by 
modifying polymeric chains. He suggested a name, “ormocers,” for the 
materials containing organically customized ceramics. An alternate name 
often utilized for these kinds of materials (particularly organically tailored 
silicates) is known as “ormosils.” Both of the above-mentioned terms will 
be utilized interchangeably in this chapter. The pioneering work of Schmidt 
(1985) laid the basis for the evolution of hybrid (organic–inorganic) 
composites. Covalent bonds between inorganic and organic constituents of 
the composites may/may not exist. Figure illustrates the typical examples 
of the nanostructural hybrid materials which can be materialized. Cracking 
and shrinkage can be prevented by adding a DCCA (drying control chemical 
additive) such as oxalic acid or formamide (Orcel & Hench, 1984; Uchida, 
Ishiyama, Kato, & Uematsu, 1994). Iler, Hench, & Ulrich (1986) investigated 
the effects of increasing dye amounts in a solgel solution. It was found that 
a lot of organics dissolved in a solgel solution of tetraethoxysilane (TMOS) 
or TEOS significantly reduced the average pore diameter and ultimately 
the pore size (Aksay & Schilling, 1984; Barringer, Jubb, Fegley, Pober, & 
Bowen, 1984).

The cubic silsesquioxane-based nanocomposites constitute a novel 
class of nanomaterials (Sellinger & Laine, 1996). The smallest imaginable 
nanopore in SiO

2
 is perhaps the central vacant space in the silica cube, 

consisting of eight silica atoms, also known as the H8T8 unit. This unique 
crystal structure is rarely found in traditionally processed silica or glass. 
However, the derivatives of the H8T8 unit in silsesquioxanes have gained 
immense interest recently. These systems present the benefit of a very 
obvious characterization of the organic and inorganic nanophases. The 
inorganic phase usually consists of a rigid and distinct silica core (Novak 
& Davies, 1991). Eight organic entities (groups) can be attached to the 
vertices of the cages, connecting the cores to each other. The organic groups 
can have varying chemical composition and length. It is quite possible 
to fabricate nanohybrid networks which contain the interpenetration of 
organic network and oxides (Bonilla, Martínez, Mendoza, & Widmaier, 
2006; Ellsworth & Novak, 1991; 1993). Such materials present the ability to 
develop the organic or inorganic networks independently, and the covalent 
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bonds are absent between them. However, there may be a need to develop 
nanomaterials with strong interatomic bonds between different phases 
(organic and inorganic). For instance, strong covalent bonds exist in PDMS 
(SiO

2
–polydimethylsiloxane) system which has been researched extensively 

by numerous scientists.

Figure 40. Different solgel-derived nanostructures for organic–inorganic hy-
brids

[Source: http://pubs.acs.org/doi/abs/10.1021/ar7000149]

Figure 41. Different kinds of organic entities which may be attached to back-
bones of oxide in type II hybrids

[Source: http://pubs.acs.org/doi/abs/10.1021/ar7000149]

The primary feature of PDMS is the presence of Si-O-Si chains which 
can be linked to organic or inorganic phases during the solgel process. The 
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excellent compatibility between TEOS and the silanol-terminated PDMS 
has made these materials very fascinating for numerous scientists and 
researchers (Wilkes et al., 1985; Teowee et al., 1996; Figueira, Silva, & 
Pereira, 2005). A typical kind of reaction present in type II hybrids involves 
the cross-linking of organic and inorganic phases. The compatibility between 
TEOS and PDMS can be observed in the following reaction between a silicic 
acid molecule and PDMS chain (Wang, 2012).

Figure 42. Cross-linking reaction between organic and inorganic constituents

[Source: http://pubs.acs.org/doi/abs/10.1021/ar7000149]

5.4 BENEFITS AND APPLICATIONS OF HYBRID 
NANOMATERIALS

The benefits of the above-mentioned system include the correspondence 
between the siloxane structure and silica network and the stability of PDMS 
at higher temperatures as compared to various other elastomeric compounds. 
The structure and characteristics of the pores can vary based on the solution 
conditions which include basic or acidic catalysis. The material can exist as 
either rubbery or glassy state depending on the organic constituent’s weight 
fraction. The properties, structure, and prospective applications of the above-
mentioned organic–inorganic hybrids are illustrated in the subsequent text 
(Latella, Ignat, Barbé, Cassidy, & Bartlett, 2003; Latella, Ignat, Barbe, 
Cassidy, & Li, 2004; Mackenzie & Bescher, 2003).

Various biological entities, such as enzymes or proteins, have been 
integrated with oxide matrices, especially silica-based matrices. The 
“nanocages” derived from oxides can accommodate the proteins along 
with the provision of protection mechanisms from external attacks (Zink 
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et al., 1994; Toselli, Marini, Fabbri, Messori, & Pilati, 2007). A variety of 
biological nanosensors have been developed by employing the nanocage 
approach. Some examples of the molecules that can be employed for the 
synthesis of hybrids are displayed in Figure 43.

A schematic illustration of different organic–inorganic hybrid materials 
is demonstrated in Figure 2. These hybrid nanocomposites can be categorized 
into two broad groups as reported by Sanchez and Ribot (1994). It can be 
deduced that the organic and inorganic entities are either bonded covalently 
or not bonded at all. Structure 1 corresponds to the DCCA–SiO

2
-based 

nanohybrid material which contains trapped DCCA in the pores.

Figure. 43. Lu
2
SiO

5
 nanoparticles present in an optically transparent silica ma-

trix

[Source: http://pubs.acs.org/doi/abs/10.1021/ar7000149]

Figure. 44. (Top) Solgel-derived, optically transparent scintillators of Lu
2
SiO

5
–

SiO
2
. (Bottom) Distribution of wavelengths of light scintillation from LSO 

crystals excited with 356 nm (wavelength) of light at ambient temperatures. 
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The doublet structure related to the Ce+3 ion transitions from the 5d energy level 
to the 4f ground state is typically washed out at room temperatures but can still 
exist in the spectra.

[Source: http://pubs.acs.org/doi/abs/10.1021/ar7000149]

Structure 2 corresponds to the case of silica and polymethyl methacrylate 
(SiO

2
–PMMA) which contains in situ-polymerized PMMA within the 

interlinked pores of the inorganic silica network (Pope, Asami, & Mackenzie, 
1989). Structure 3 displays the organic and inorganic interpenetrating (IPN) 
networks (Ellsworth et al., 1991). Structure 4 contains organic molecules 
or dyes which are either bonded covalently to the inorganic network or not 
bonded at all. Structure 5 shows covalently bonded SiO

2
 and PDMS. The 

material can exist in either rubbery or hard state depending on the weight 
fraction of PDMS (Bescher & Mackenzie, 1997; 2001; 2003). Structure 6 
displays the inorganic colloids (e.g., silica) bonded covalently to gel.

5.5 NANOCRYSTALLITES ACQUIRED VIA CON-
TROLLED CRYSTALLIZATION OF GEL

Traditional glass ceramic materials have been recognized for several years. 
They are usually acquired by the formation of glass melt, followed by 
quenching and heating to produce a crystalline phase in the glass matrix. 
A transparent glass ceramic can be developed by keeping the particle 
size below the wavelength of light (Xu et al., 1997; Reisfield, 2004; Del 
Monte, Xu, Mackenzie, Claflin, & Lucovsky, 1998). Numerous material 
products including optical filters, telescopes, materials with zero coefficient 
of thermal expansion, and cooking ware have been fabricated through this 
process. In many cases, the crystallite size is kept in nanometer ranges to 
attain the desired characteristics (Nogami, Kojima, & Nagasaka, 1992; Li 
& Nogami, 1993; Chia, Kao, Xu, & Mackenzie, 1997). The solgel method 
presents an efficient substitute to this high-temperature procedure because 
various gels of amorphous oxides can now be produced at room temperature. 
This technology offers the prospect of growing nanocrystallites within a 
matrix containing organic phases. Numerous examples of the nanomaterials 
synthesized from the controlled crystallization of gels are discussed in the 
subsequent sections.
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5.5.1 Scintillating Nanoparticles

Scintillators are typically grown as transparent, large single crystals. The 
most promising scintillator known as cerium-doped LSO (lutetium ortho-
silicate) was discovered almost five decades ago. It demonstrates a unique 
combination of essential properties for γ-ray and X-ray spectroscopy, that is, 
high density, large light yield, and fast decay.

However, the practical utilization of LSO is obstructed by difficulties 
associated with its synthesis of single crystals by the Czochralski process. 
Recently, the solgel process has successfully been employed to develop 
lutetium silicate scintillators. The most demanding concern is keeping the 
polycrystalline materials transparent in the visible range of the electromagnetic 
spectrum of light. The transparent scintillators are attained by keeping the 
LSO crystal’s size below the wavelength of the visible spectrum of light. 
It is essential to control the nucleation and growth to maintain the size in 
nanometer range for the scintillating material phases. The growth process 
is typically based on the hydrolysis reaction of lutetium alkoxides (Bescher 
et al., 2000; Ivanczyck et al., 2000). There are two fundamental ways to 
control the sizes of Lu

2
SiO

5
-based nanocrystallites, that is, the maintenance 

of the Lu/Si ratio at lower values and the restriction of the heat treatment 
temperatures. Experiments have shown that appropriate firing and drying of 
lutetium silicate crystals can instigate the growth of lutetium silicate crystals 
in a silica matrix. Moreover, the careful control of the manufacturing 
process results in the development of a thin nanomaterial. The average 
particle size for Lu

2
SiO

5
 was about 200 Å. Γ-Ray spectral response and 

light decay measurement provide information about the morphology and 
nature of the polycrystalline nanomaterials synthesized by a solgel process. 
The characteristics of the crystals produced from the solgel process are 
comparable to that of the traditional LSO single crystals.

5.5.2 Ferroelectric Nanoparticles in Inorganic Gel

Several ferroelectric oxides have been developed by the solgel method 
(Mackenzie & Xu, 1997). Numerous scientists and researchers have studied 
the growth mechanisms of ferroelectric nanocrystallite phases from gels. The 
local ordering of the ferroelectric oxide materials has been observed with 
increasing temperature, starting with the development of nanosized clusters 
at lower temperatures. Such nanoclusters are known as “ferrous” and can 
display ferroelectric characteristics despite their small sizes. A theoretical 
model illustrating the behavior of the “ordered nanoclusters” was developed 
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by Xu et al. (1997). The ferroelectric crystals of BaTiO
3
 and LiNbO

3
 have 

been synthesized in an amorphous matrix of silica by the solgel method. Such 
particles also increase in number and size with increasing the temperature. 
Nicely grown BaTiO

3
 nanocrystallites have been, reportedly, obtained after 

heat treatment at 800°C for 2 hours. Local ordering of microstructure is 
typically observed for LiNbO

3
 at lower temperatures, that is, 200°C (Fig. 

45). The minimum reported size of these ordered phases is in the order of 
3 nanometers. P–E loops and ferroelectric properties can be witnessed in 
small crystals of LiNbO

3
 and

 
BaTiO

3
.

Figure 45. Nanoparticles of BaTiO
3
 in the silica (SiO

2
) matrix heat-treated at 

800°C for 2 hours

[Source: http://pubs.acs.org/doi/abs/10.1021/ar7000149]

5.5.3 In Ormosils

As stated in the previous text, it is now possible to grow oxide phases in 
organically modified matrices at lower processing temperatures by employing 
the solgel process. The growth of LiNbO

3
 crystals has been investigated 

in an ormosil matrix consisting of a covalently bonded organic molecule 
with high hyperpolarizability, for example, TDP (triethoxysilyl propyl 
dinitrophenylamine). LiNbO

3
 errors can be observed at lower temperatures 

(about 200°C) below the breakdown temperature of the organic phase 
(Fig. 46). Various interactions take place between organic and inorganic 
constituents. For instance, a strong bathochromic redshift can be observed 
after the formation of ferrous due to the exposure of a TDP molecule to the 
solution of barium titanium alkoxide. Currently, other prospective organic/
inorganic reactions are also being investigated. Ferroelectric properties of 
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novel hybrid compounds of organic/inorganic phases have been investigated 
by various researchers till date (Bescher, Xu, & Mackenzie, 1997; Bescher, 
Xu, & Mackenzie, 2001). An ideal structure of such nanohybrid materials is 
shown in Figure 47.

Figure 46. Nanoparticles of LiNbO
3
 in the silica matrix heat-treated at 200°C 

for 2 hours

[Source: http://pubs.acs.org/doi/abs/10.1021/ar7000149]

Figure 47. The nanoparticle of LiNbO
3
 in a SiO

2
–TDP ormosil heat-treated at 

200°C for 2 hours.

[Source: http://pubs.acs.org/doi/abs/10.1021/ar7000149]
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5.6 SEMICONDUCTING NANOPARTICLES

Semiconducting nanoparticle materials are often grown in optically 
transparent matrix materials for numerous nonlinear optical applications. 
Table 6 demonstrates the Bohr radii of different several semiconductor 
materials. Quantum confinement can be observed if the particles possess the 
smaller radii than the Bohr radii of the electron–hole pairs, usually lesser 
than 200 Å.

Figure 48. Schematic of a LiNbO
3
–TDP ferroelectric ormosil nanocomposite 

material

[Source: http://pubs.acs.org/doi/abs/10.1021/ar7000149]

Table .6. Bohr radii of various semiconductors

Semiconduc-
tor

Eg (eV) rB (Å)

CdSe 1.7 53
CdS 2.5 28
GaAs 1.4 124
CdTe 1.5 75
PbS 0.41 180

The solgel synthesis approach has been effectively utilized to fabricate 
various types of nanomaterials. A typical solgel process involves the gelation 
of suitable precursors, followed by heat treatment of the gel in a reducing or 
sulfating environment to produce the semiconducting phases.
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Many researchers have carried out the synthesis and behavioral analysis of 
different CdS-doped ceramics (e.g., sodium borosilicate glass and ORMO-
SIL glass) produced from various precursor systems such as boron ethoxide, 
sodium acetate, TEOS, TMOS, and PDMS. The introduction of cadmium 
was carried out in the form of the two distinct solutions which include cad-
mium nitrate and cadmium acetate, respectively. Dried H

2
S gas (up to 20 

wt.%) was impinged on the film to form crystals of CdS. APTES (3-amino-
propyltriethoxysilane) was also incorporated into both of the solutions to 
offer improved control of the particle sizes and particle size distributions. 
Specimens treated with APTES contained smaller particles of crystals with 
a narrow size distribution (i.e., 0.9 nm standard deviation, 2.8 nm average 
size). APTES assisted in linking of the dopants to the silica networks of 
the ceramic glass, consequently avoiding the salt precipitation during the 
drying phase of solgel drying process. Various alternate and more difficult 
processing routes are also possible. The values of approximately 10–6–10–8 
esu were noticed in these synthesized materials. Production of the channel 
waveguides was carried out by the exchange of ions in the sodium borosili-
cate glass. Moreover, the broadcast of pulses (110 fs long) resulted in spec-
tral modulation and narrowing of the input pulse (Xu et al., 1997). Various 
other semiconducting quantum dots including CdTe, SbSI, or PbS have been 
effectively grown in oxide matrix using similar solgel techniques (Chia et 
al., 1997; Xu et al., 1999; Del Monte et al., 1998; Del Monte, Xu, & Mack-
enzie, 2000).

5.7 METALLIC NANOPARTICLES

Similar to semiconducting ceramic nanoparticles, the nanoparticles of metals 
can offer fascinating optical properties in oxide matrices. The metallic 
nanoparticles embedded in glass matrix have developed for centuries via 
traditional processing routes. However, the solgel technique offers an 
efficient and more versatile alternative approach. The solgel technique for 
the synthesis of metallic nanoparticles involves the heating of the gel in 
a reducing environment. The host matrices are typically inorganic gels or 
organic–inorganic hybrids.

5.7.1 In Inorganic Gels

Several nanoparticles of metals have been prepared in solgel-derived matrix 
materials. For instance, solgel films of silica are prepared by dipping method 
from acid-catalyzed solutions of TEOS doped with Pt, Au, Pd, and Ag 
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metal colloids. The precipitation temperatures for various metallic species 
depend on their physical properties, that is, 1000°C for Pd, 800°C for Pt, 
600°C for Ag, and 200°C for Au (Renteria & Campero, 1998; Innocenzi 
& Kozuka, 1994; Innocenzi, Kozuka, & Sakka, 1994). Nanoparticles of 
silver metal are also synthesized in silica by the introduction of AgNO

3
 in 

the solgel solution. The silver ions are thermodynamically reduced in the 
air at approximately 800°C, resulting in the formation of an intense yellow 
film. The nanoparticles of metallic silver are observed by XRD and TEM 
(transmission electron microscopy). The nanoparticles of silver usually have 
approximately 10 nm diameter. Silver colloid-doped gels have also exhibited 
thermochromic effects (Zhao, Hasebe, Sakagami, & Osaka, 1997).

5.7.2 In Ormosils

Innocenzi and Kozuka (1994) developed thin-film methyltriethoxysilane-
derived gels consisting of Ag nanoparticles. The average size of the silver 
particles was approximately 10 nm. Other metallic elements (e.g., Pt and 
Au) can also be utilized to dope ormosil matrices available in both thin films 
and bulk forms. The major benefit of an ormosil matrix is its capability to 
assist in the fabrication of crack-free, large samples. Similar to the inorganic 
matrices, the metallic clusters are integrated into the ormosil matrices by the 
dissolution of metallic salts into the precursor solution before gelation.

Figure 49. Synthesis route for CdS-doped borosilicate ceramic glass

[Source: http://pubs.acs.org/doi/abs/10.1021/ar7000149]
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Ormosil matrices often do not require high temperatures for the reduction 
of the metallic ions. However, the reduction of metals is achieved by UV ra-
diation. The correspondence between the volume fraction, particle size, and 
resonance absorption position of the colloidal metallic particles has been 
investigated by many scientists. Tseng, Li, Takada, Lechner, & Mackenzie 
(1992) performed X-ray analysis to observe the crystal structure of the metal 
particles. It was discovered that metallic nanoparticles possessed a crystal-
line structure (FCC). Transmission electron microscopy was employed to 
examine the particle sizes and their distribution (White, Harbison, & Nel-
son, 1983; White, Harbison, & Nelson, 1984; Ashlock, Mukamal, & White, 
1985).

5.8 COLLOIDAL OXIDE PARTICLES

Organic polymers are typically soft and flexible, which need some 
additional processing to improve their mechanical characteristics. The 
properties of organic polymers can be improved by the addition of colloidal 
oxide nanoparticles, which enhance the elastic modulus of the polymers. 
The use of silica colloidal particles to reinforce the siloxanes has gained 
vital importance, lately. Numerous publications and patents are available 
on the above-mentioned topic regarding the synthesis of nanocomposites 
(Kang et al., 2005; January 1982). A considerable number of patents are 
available on novel materials for abrasion-resistant thin-film coatings on 
organic ophthalmic lenses. Tintable or UV-curable abrasion-resistant 
coatings can also be developed through the solgel process. Various colloidal 
particles (e.g., SiO

2
, TiO

2
, Al

2
O

3
, and ZrO

2
) have also been used as dopants 

in siloxane matrices (Guest, Preus, & Lewis, 1991; Guest, Preus, & Lewis, 
1992). The deposition of thick-film coating can be facilitated by the presence 
of colloidal SiO

2
 particles (up to 300 µm) in gels (Otaki, 1997; Barrow & 

Olding, 2003). Colloids have been reported to restrict the cracking induced 
during the drying stage of a silica gel synthesis. Solgel can also produce 
coatings on large bulk components (Buissette, Moreau, Gacoin, Le Mercier, 
& Boilot, 2004; Costa et al., 2006).

Extensive research is being carried out to synthesize core–shell structure 
containing different kinds of nanoparticle materials. The core material can 
consist of semiconducting phase, and the shell material may contain metallic 
phases or vice versa. On the other hand, a shell may be manufactured from 
a semiconductor, metal, or a polymer and the core may be produced from an 
oxide, a dye, or a polymer. 
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Figure 50. Nanoparticles of CdS present in borosilicate glass

[Source: http://pubs.acs.org/doi/abs/10.1021/ar7000149]

There are numerous potential ways of maneuvering the structure of 
these nanoparticle materials. Solgel methods are preferably suitable for the 
production of such nanoarchitectures.

Figure 51. The nanoparticle of CdTe in a solgel-derived matrix of borosilicate 
(5 wt.% CdTe, treated at 500°C for 4 hours).

[Source: http://pubs.acs.org/doi/abs/10.1021/ar7000149]
For instance, the nanoparticles can be developed by reverse 

microemulsion process. In a few cases, a passivation film (e.g., aminosilane 
amorphous layer) is in connection with the core (Bhatia, Brinker, Gupta, 
& Singh, 2000; Castro & Barbera-Guillem, 2000). The optical features 
of such core–shell architectures are of enormous significance. For 
instance, luminescent nanocrystals can be used for various applications 
such as transparent light-emitting diodes (LEDs). Buissette et al. (2004) 
investigate the growth mechanisms of lanthanide-doped phosphate and 
vanadate nanoparticles via colloidal synthesis route, with less than 10 nm 
average particle sizes. Improvement in the luminescent characteristics of 
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the nanocrystals can be attained through the exploitation of a core/shell 
architecture grown at the amorphous shell of SiO

2
 or a crystalline shell of La 

phosphate. Al
2
O

3
/FeNi

3
 shell–core nanocomposites containing individual 

nanoparticles of FeNi
3
 coated with Al

2
O

3
 thin layer are synthesized 

by a customized solgel process. The magnetic characteristics of such 
nanoarchitectures can also be investigated (Liu et al., 2005; 2006; Stoeck, 
2012). The metal oxide precursors and amphiphilic organic polymers can 
be used to manufacture reactive nanoparticles of core–shell structure. 
The polymer-coated nanoparticles of Al

2
O

3
 are typically produced by 

nucleation reactions, followed by the formation of a core–shell structure. 
Nanoparticles produced using 10 wt.% Al (OiPr) 

3
 resulted in the formation 

of films with an average diameter of the core–shell nanoparticles as 45 nm 
with the glass transition temperature (Tg) of 27°C (above the Tg of the 
matrix). Many other core–shell systems have also been explored (Huignard 
et al., 2001; See, Mullins, Mills, & Heiden, 2005). Superficially modified 
amorphous oxides of metallic nanoparticles of zirconium, tantalum, 
titanium, vanadium, and yttrium have been produced using these common 
precursors in microemulsion-based solgel processes. The production of 
nanoparticles with diameters lower than 200 nm has been carried out by 
various researchers (Holzinger et al., 2003; Zhao, Ni, Kruczynski, Zhang, 
& Xiao, 2004). This core–shell fabrication approach has been effective in 
the synthesis of novel and intricate semiconductor nanoarchitectures. The 
dispersion of colloidal nanocrystals of CdSe/ZnS core–shell structure with 
a narrow size distribution was carried out in a hybrid sol obtained from the 
hydrolysis of 3-glycidoxypropyltrimethoxysilane and TEOS (Epifani, Leo, 
Lomascolo, Vasanelli, & Manna, 2003). Burns, Ow, and Wiesner (2006) 
reported the incorporation of multiple molecules of tetramethylrhodamine 
isothiocyanate dye into monodispersed and uniform nanoparticles (25 nm 
diameter) of silica core–shell (Ow et al., 2005; Larson et al., 2008). The 
resultant structure has reportedly shown a significant enhancement in the 
stability and brightness of the organic dye molecules. These core–shell 
particles are commonly known as “nanobio C-dots.” The interaction in core–
shell structures plays an important role in the improvement of dye properties 
through an increment in the rigidity of the dye. Several mechanisms have 
been reported, which assist in the designing of the core–shell architectures 
for a variety of “nanobio” applications. Currently, extensive work is being 
carried out in this exciting area of research which will possibly yield various 
novel nanostructures with extraordinary properties.
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6.1 INTRODUCTION

The production of an efficient and novel π-extended D-A-π-A natural 
sensitizer (G3, η = 8.64%) intended for solar cells that are dye-sensitized has 
been achieved by the application of the green chemistry pillars. It aims at 
overriding conventional routes that involved organometallic intermediates 
with novel synthetic strategies for reduction in the production of waste 
material as well as reducing dye production costs. Research has shown 
that complex target sensitizer can be exclusively obtained through direct 
arylation reactions. Comparison of green metrics with that of a conventional 
synthetic pathway indicates that the novel approach, without a doubt, has a 
lower impact on the environment regarding generated wastes and chemical 
procedures. This, in turn, stresses on the significance of the synergy among 
the synthetic plan and the molecular design in the framework of ecological 
friendly routes to support the sustainable development of third-generation 
photovoltaic. Moreover, an investigation was also carried out to inspect 
the stability of the G3-based photovoltaic devices in aging tests on devices 
having large area which demonstrated the excellent potential of the planned 
structure for all practical applications that involve organic dye interfaces/
inorganic semiconductor (Ooyama et al., 2011; Ooyama & Harim, 2012; 
2013).

Constant research has been ongoing to find the potential alternative to 
the commercially available photovoltaic technologies. One major attraction 
for this purpose is dye-sensitized solar cells (DSSCs) which have been 
a focus of attention due to various aspects such as ease of fabrication, 
their high efficiencies of conversion from light to energy, their distinctive 
peculiarity in terms of coloration and transparency, which enables the 
design of proficient, vibrant smart panels, and devices also amenable to 
building integration (Yen, Chou, Chen, Hsu, & Lin, 2012; Liang & Chen, 
2013; Zhang, Yang, Numata, & Han, 2013). The typical configuration of a 
DSSC is composed of a counterelectrode, a photoanode (normally a duly 
dye-sensitized semiconducting film made of mesoporous titania material), 
and an electrolyte that contain a redox couple (O’regan & Grätzel, 1991; 
Mishra, Fischer, & Bäuerle, 2009; Zeng et al., 2010). A major portion of 
the research on DSSC has its focus on the dye, which is responsible for the 
harvesting of photons as well as assisting the injection of an electron into 
the titania conduction band (Ogura et al., 2009; Yum, Baranoff, Wenger, 
Nazeeruddin, & Grätzel, 2011; Fan et al., 2011). Nevertheless, the selection 
of the sensitizer greatly influences not just the efficiency of the device 
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but also most of the environmental factors and price associated with the 
production of technology (Zardetto et al., 2013; Fakharuddin, Jose, Brown, 
Fabregat-Santiago, & Bisquert, 2014; Matteocci et al., 2016). As a result, 
with particular reference to the sensitizer, even though it is permissible 
that fundamental research on DSSCs should focus to struggle for the 
accomplishment of higher and higher efficiencies, part of this research must 
also be directed toward minimizing the environmental effect that is related 
to the production of DSSCs.

Figure 52. Typical configuration of a dye-sensitized solar cell (DSSC)

[Source: https://schanze.chem.ufl.edu/research/dye-sensitized-solar-cells/]

Sensitizers that are fully organic have shown great potential in both 
amenabilities to optimization and design flexibility regarding performances 
of devices (Hagfeldt, Boschloo, Sun, Kloo, & Pettersson, 2010; Yella 
et al., 2011; Mishra et al., 2009). From the environmental point of view, 
application of organic dyes calls off the requirement of restoring to rarely 
occurring heavy metals such as ruthenium or exceptionally toxic ones like 
lead (a constituting element of solar cells based on perovskite material and 
presently currently in the “spotlight” due to their high efficiency) for the 
environmental impacts that involve both production and postlife disposal 
(Gao, Grätzel, & Nazeeruddin, 2014; Green, Ho-Baillie, & Snaith, 2014; 
Sum & Mathews, 2014).

Among various proposed molecular architectures, synthesis of an 
extensive number of organic dyes has been carried out as per the D-π-A 
concept, by putting in fitting conjugation an electron-withdrawing group (A) 
and an electron-donating group (D) having the ability to bind to the titania 
through an appropriate π-spacer (π), the former being the primary focus of 
current structural tailoring intended for expansion of the light-harvesting 
range (Wu et al., 2012; Yen et al., 2012; Wu & Zhu, 2013). From the point of 
view of synthetic chemistry, the downside of the D-π-A concept is associated 



Handbook of Chemical and Biochemical Technologies166

with the asymmetric structure of the sensitizers, which inevitably leads to a 
high number of synthetic steps needed for obtaining the target molecule (He, 
Wu, Zhu, & Zhang, 2014; Xiao, Zhang, He, & Zhang, 2014; Xing, Chen, 
Jia, Jiang, & Yang, 2017).

Simultaneously, it is important to recognize that the main concern for the 
market breakthrough of DSSC will be to bridge the gap that exists between 
research of the fundamental materials and their scalability. In fact, customary 
laboratory practice puts a higher strain on the environment; furthermore, it 
is not always possible to transfer it to an industrial scale. The assurance 
of environmental sustainability is important since the key challenges 
in environmental science are not merely associated with exploitation 
of renewable energy sources but also for assessment, monitoring, and 
minimization of the effect related to the chemistry of materials behind a 
green technology (Burke & Lipomi, 2013 Osedach, Andrew, & Bulović, 
2013; Po et al., 2014). For that reason, novel methods followed for organic 
synthesis of highly capable organic sensitizers that help maximizing 
sustainability (mainly in terms of amount of waste) are incredibly desirable, 
being potentially open to scalability without causing any severe impact on 
the environment (Zhang, Kang, Barlow, & Marder, 2012; 2013; He, Wu, C. 
Z., Qing, F. L., & Zhang, 2014).

In this regard, synthetic protocols that are based on the activation of C−H 
bond for constructing a π-conjugated scaffold can be considered the superior 
tool for reducing the number of synthetic steps, since they allow evading 
the preparation of organometallic intermediates that are required for the 
conventional cross-coupling methods (Schipper & Fagnou, 2011; Berrouard 
et al., 2012; Mercier & Leclerc, 2013). The rarity of examples that employ 
functioning of C−H bond for synthesizing organic sensitizers may be linked 
to the fact that few restrictions of the existing C−H activation protocols 
(such as the low selectivity in the presence of two or more active bonds) 
appear to form an undefeatable obstacle when applied to the assemblage of 
the complicated asymmetric structures of D-π-A organic sensitizers (Kang 
et al., 2014; Chai et al., 2015; Joly et al., 2015).

The main idea underlying this work is to exhibit that the roadmap 
directed toward highly capable dyes can be escorted with an appropriate 
plan of cleaner synthetic methodologies (Feng et al., 2013; Qian, Gao, Zhu, 
Lu, & Zheng, 2015). This work focuses on the application of the principles 
of green biotechnology about the production of reduced waste material and 
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the utilization of hazardous reactants (Double, 2014; Jiang, Fan, Lu, Zhou, 
& Wang, 2014; Li et al., 2014; Echeverry et al., 2015). On these grounds, 
in continuation with our studies on the function of a π-bridge extension in 
benzothiadiazole-based D-A-π-A sensitizers, a novel dye has been conceived 
(known as G3, Fig. 53) by the application of the simplest obtainable aromatic 
units (benzothiadiazole, thiophene, benzene) to call for an optimum DSSC 
work cycle (Grisorio et al., 2014; Liu et al., 2014; Roiati et al., 2015).

Figure 53. Chemical structure of the target sensitizer (G3)

[Source: http://pubs.acs.org/doi/abs/10.1021/acssuschemeng.5b00108]

Accordingly, a sustainable approach was applied to a large extent from 
the initial stage of the molecular design of the dye (Agosta et al., 2014; 
Shibayama, Ozawa, Abe, Ooyama, & Arakawa, 2014). This is because the 
implementation of further complex structures would have needed extra 
synthetic steps, inescapably leading to the higher production of waste 
material and increased costs (Krebs & Jørgensen, 2013). For the very 
first time, a comparison has been made between two synthetic protocols: 
a conventional approach that utilizes organometallic intermediates (used 
to validate the hypothesis on potentialities and efficacy of the dye) and 
secondly, an appropriately optimized course that is exclusively grounded on 
direct arylation reactions. The green metrics (yields on the whole, EcoScale 
parameter, E-factor) and the estimated price per gram of these two synthetic 
protocols have been calculated providing guiding principles that, if applied as 
good practice, will reduce the cost and the environmental impact associated 
with the production of the “green” technologies using organic materials (Po 
et al., 2014; Po, Bianchi, Carbonera, & Pellegrino 2015).
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Figure 54. Typical working principle of a solar cell

[Source: https://saferenvironment.wordpress.com/2009/02/02/solar-power-
%E2%80%93-sustainable-green-energy-to-protect-our-economy-and-environ-
ment/]

While DSSCs carry on exhibiting expected competitive prices about 
those of the conventional silicon-based solar technologies, at the same time, 
the stability of the device is put at severe risk when organic sensitizers are 
employed as light harvesters. The stability of ruthenium-based devices 
was anticipated to be around 25 years under Southern European ambient 
conditions using accelerated aging tests (Sheldon, 2007; 2010). As a 
result, once the environmental impact related to its costs and synthesis was 
evaluated, we deem it valuable to study the stability of the G3 sensitizer in 
an attractive DSSC application by employing transparent thin TiO

2
 layers 

(Van Aken, Strekowski, & Patiny, 2006; Patel et al., 2012). In the case of 
cells containing G3, the drop in efficiency (15%) after 1000 hours of aging at 
85°C of large area devices was observed to be extremely lower as compared 
to ruthenium-based devices.
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6.2 SOLAR CELL SYNTHESIS AND  
ENVIRONMENTAL ASPECTS

The plan of the first approach for the synthesis of G3 included using 
conventional Pd-catalyzed Suzuki cross-coupling steps (Route A), as 
explained in Scheme 1 (Kato et al., 2009; Harikisun & Desilvestro, 2011). 
The realization of the benzothiadiazole comprising of chromophore started 
from the commercially offered 4, 7-dibromo benzothiadiazole, which was 
delivered to a Suzuki cross-coupling having thiophene-2-aryl boronic acid 
resulting in the corresponding diphenyl derivative 1. The reaction between 
1 and an equimolar quantity of N-bromosuccinimide (NBS) resulted in 
the corresponding bromo derivative 2; afterward, bromo derivative 2 was 
halogenated by reacting it with N-iodosuccinimide (NIS), which yielded 
compound 3. To bind together the electron group and the chromophore, a 
Suzuki coupling was carried out between 3 and the suitable triarylamine 
boronic ester β which led to the formation of intermediate 4, which, due 
to the halogen effect, is yet endowed with the bromide leaving the group. 
Following that, a Suzuki cross-coupling between 4-formyl-phenylboronic 
acid and 4 made it possible for us to acquire the aldehyde-functionalized 
precursor 5, which, in the end, was converted into the target molecule G3 
as a result of a Knoevenagel reaction with cyano-acetic acid. After that, 
the acquired sensitizer was completely characterized via elemental analysis, 
NMR, UV−vis as well as by electrospray ionization high-resolution mass 
spectrometry (ESI-HRMS) that clearly confirmed its structure.
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Figure 55. Synthetic sequence (Scheme 1) followed for obtaining G3 through a 
conventional approach (Route A)

[Source: http://pubs.acs.org/doi/abs/10.1021/acssuschemeng.5b00108]

Figure 56. Synthetic sequence (Scheme 2) followed for obtaining G3 through 
C−H direct arylation (Route B)

[Source: http://pubs.acs.org/doi/abs/10.1021/acssuschemeng.5b00108]
Subsequently, we felt motivated to investigate terms for a synthetic scale-up 
of the material, as well as exploring the environmental problems associated 
with its synthesis. Within this perspective, our investigation initiated by se-
lecting E-factor, overall yields, and an EcoScale parameter related to the 
preparation of G3 to assess the sustainability of the first approach (Route A) 
from the waste generation, chemical, and safety point of view,  respectively. 
Particularly, the high E-factor (15815.19 g/g) unable to get along with the 
large-scale production of the dye verified the requirement for sustainable 
and alternative approaches.

The simplest method for lessening the environmental effects of a 
chemical synthesis is reducing the total number of the synthetic steps. To 
pursue this goal for achieving G3, the most appropriate considered method 
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is the setting up of a synthetic sequence based entirely on direct arylation 
reactions (Scheme 2) avoiding all metalation steps.

Table 7. Tuning of the reaction conditions for obtaining 1 through direct aryla-
tion

Sr. No. Solvent Ligand Thiophene 
Equiva

Yield (%) B

1 toluene t-Bu
3
P 1.0 traces

2 toluene t-Bu
3
P 5.0 8

3 toluene t-Bu
3
P 10.0 14

4 DMF t-Bu
3
P 10.0 traces

5 DMSO t-Bu
3
P 10.0 traces

6 thiophene t-Bu
3
P 20.8 35

7 thiophene Cy
3
P 20.8 38

8 thiophene Ph
3
P 20.8 47

9 thiophene dppe 20.8 78

10 thiophene dppf 20.8 83

a=per bromine atom; b=isolated yields by crystallization or chromatography.
On this basis, we embarked in the unique synthesis of the chromophore 1 

initiating from 4,7-dibromobenzothiadiazole and triggering the C−H bonds 
on the thiophene by making use of Pd (AcO) 

2
 as a source of palladium, 

pivalic acid (30% mol/mol with regard to atoms of bromine) as a proton 
shuttle, K

2
CO

3
 (1.5 equiv. with regard to bromine atoms) as the base, and tri 

(t-butyl) phosphane (2.0 equiv. with regard to Pd) as the ligand (Cannavale et 
al., 2011; 2014; Matsidik et al., 2014; Matsidik, Komber, & Sommer, 2015). 
The preliminary screening of reaction conditions (as mentioned in Table 
7) involved the relative amount of thiophene and the solvent. In the first 
attempts, to get better yields of the reaction, the impact of excess thiophene 
(Sr. No. 1−3) was assessed in toluene as the solvent. Unluckily, under such 
conditions, the reaction was barely selective, most likely for the reason that 
after arylation of the initially activated 2-position of the thiophene unit, the 
thiophene 5-position of the formed intermediate turns into more reactive.

While we increase the polarity of the reaction medium (Table 7: Nos. 
4 and 5), it did not improve the reaction selectivity. It is thus logical to 
presume that the acidity of the thiophene α-proton within thiophene–
benzothiadiazole segment (and in its higher homologues) is stronger as 
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compared to the acidity of the α-protons within isolated thiophene, owing to 
the existence of a strong electron withdrawing unit in the former (X. Wang, 
& M. Wang, 2014; Wang, Wang, & Wang, 2015).

6.3 ACS SUSTAINABLE CHEMISTRY AND ENGI-
NEERING

Apparently, thiophene is not much prone toward the hydrogen abstraction 
step required for the direct arylation and is liable for the limited selectivity 
of the reaction under such conditions. On the other hand, if the reaction 
takes place within thiophene taken as the solvent (11.4 ml for each gram 
of dibromobenzothiadiazole, 20.8 equiv. for each bromine atom, No. 6), 
the yield of the reaction is increased to almost 35%. The strong, surplus 
thiophene reduced the side reactions by mass action, which led to an 
increase in the selectivity of the process, whereas the moderate yield 
appears to be connected with deactivation of the catalyst, which hindered a 
complete conversion of the substrate (Zhang et al., 2013; He et al., 2014). 
Consequently, the succeeding efforts made with an aim to improve the 
reaction course were directed at the exploration for a more robust catalytic 
system by conveniently varying the phosphine ligand. From the screening 
of the ligand (entries 6−10), it was obvious that aryl phosphanes are more 
performing as compared to aliphatic ones. In addition to this, apparently 
bidentate ligands (dppe and dppf) proved to be the most suitable for this 
reaction. The reaction that was carried out in the company of dppf as the 
ligand permitted us to obtain 1 in 83% isolated yield.

Particular attention was given to the optimization of workup procedure 
to reduce the waste load derived from the reaction, that is, the removal of 
the excess solvent (thiophene) was carried out by the distillation process. 
Additionally, the product was easily isolated by precipitation reaction 
involving a minimum quantity of ethanol/water mixture, followed by the 
formation of crystals from ethanol. The convenient isolation of the product 
was carried out due to the excellent solubility of K

2
CO

3
, pivalic acid and 

KBr by-products. The purification step was facilitated by the non-existence 
of organic by-products resulting from side reactions. Interestingly, the excess 
thiophene was recovered by distillation, followed by efficient recycling for 
further synthesis of 1 via activation of the C−H bond. The above-mentioned 
purification process resulted in the attainment of the same parameters for 
purity and yield of the target compound, that is, G3. The calculation of the 
E-factor for this particular step of Route B (specifically the attainment of 
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the building block 1) provided a value of 83.53 g/g, which is roughly one-
sixth of the value, obtained for Route A (478.57 g/g). The above practice 
represents a great progress regarding waste creation for the attainment of the 
same product. In this framework, it is essential to note that the calculation of 
E-factor for the attainment of 1 in Route A is undervalued. This is because 
of the reason that this calculation does not consider the use of formerly dried 
and distilled solvents (e.g., toluene, DMSO, or DMF), which unavoidably 
leads to further production of waste. The above-mentioned process provides 
an added value to the direct arylation process proposed in Route B. The 
behavior of 1 under direct arylation was also investigated thoroughly to 
evaluate the environmental sustainability of asymmetric structure assemblies 
via subsequent activations of C−H bonds.

As illustrated in Scheme 2, binding of the donor-containing triarylamine 
group with benzothiadiazole-based chromophore takes place by the reaction 
of the bromo derivative α with 1 using the standardized catalytic system of Pd 
(AcO) 2/PCy3, to guarantee the attainment of soluble reaction products. The 
molar ratio (1/α) was varied to carry out the screening (Table 8). Differently 
from the other substrates containing two identical C−H-activated positions 
thus far explored in direct monoarylations (thiophene or bithiophene), Unlike 
formerly investigated cases, the present case depicts that the utilization of 
2.0 equivalent of 1 with reference to α is adequate to guarantee a satisfactory 
yield (i.e., 71% with reference to the limiting reactant). The results illustrated 
in Table 2 demonstrate that the reactivity of the C−H bonds in 1 is analogous 
with that in 6, due to the use of 1.0 equivalent of 1 concerning α (entry 1) 
which led to a virtual statistical distribution of products.

Table 8. Product distribution of the reactions between α and 1 via direct aryla-
tion routes
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6.4 COMPARISON OF DIFFERENT SYNTHESIS AP-
PROACHES

The uses of 2.0 equivalent of 1 with reference to α make an appropriate 
compromise between yield minimization and maximization during the 
waste production originating from the utilization of excess reagents (the 
relative waste load associated with the synthesis of 1). These experimental 
conditions (particularly the excess amounts of the powdery substance 1) do 
not impede the purification procedures. Amazingly, most of the one amount 
(80%) can be recovered, and only small amounts of the disubstituted product 
are formed. The utilization of a surplus of 1 leads to an increment in the 
E-factor during the reaction steps. It is well documented that the increase of 
E-factor improves the sustainability of the projected Route B for large-scale 
potential applications. Moreover, the above procedure can also be employed 
for the synthesis of a wide range of structures at laboratory scale. The path 
toward the fabrication of G3 via direct arylation procedures was further 
followed by improving the reactive behavior of the asymmetric substance 
6 in the 4-bromobenzaldehyde environment along with the presence of 
aldehyde precursor 5. It has been reported that the yield of the reaction 
involving the Pd (AcO) 2/PCy3 catalytic systems approaches 73%. The 
synthetic Route B has also been evaluated for calculation of green metrics 
for G3. The calculation results were compared with the ones obtained from 
the conventional method, that is, Route A. It is obvious from the repeated 
results that the overall yield obtained with Route B is significantly higher 
than that obtained with Route A, representing the lesser number of synthetic 
steps. A preliminary deliberation has to be made regarding the environmental 
concerns associated with two different synthetic routes.

Table 9. Cost summary and green metric of the two processes for the attainment 
of the final sensitizer G3
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The comparison of E-factor values attained for various approaches using 
a variety of raw materials must be made carefully. Usually, the projected 
step-by-step assembling of the target molecules in Route A does not follow 
the comparison step. On the other hand, commercially available, 4-formyl-
phenylboronic acid and thiophene-2-aryl boronic acid necessitate further 
manufacturing steps to be synthesized. Route A initiates the synthesis 
procedure by consuming the suitable raw materials (which are directly 
utilized as reactants in the case of Route B); consequently, escalating the 
waste burden linked with Route A. At the same instance, in the case of 
activation reactions associated with C−H, an appropriate blend of chemicals 
has to be employed to create the catalytic system, which differs from the 
conventional Pd (PPh3) 4 used in Suzuki cross-couplings. Almost every 
commercial reactant possesses an environmental impact, which cannot be 
exploited by calculating the E-factor of the individual reaction steps.

It can be predicted that the cost analysis of a fine chemical substance can 
prove helpful for a comparative assessment of the environmental impacts 
linked to the chemical compound. This is because of the reason that the 
sale price of a chemical compound is also determined by the percentage 
of the waste burden present in the overall weight (Anderson, 2012; Butter 
et al., 2006). Considering the waste content of the chemical compounds, 
it is quite possible to obtain lower prices of the published catalogs by 
negotiation. However, the cost estimation of all intermediate compounds 
is established by the presently available prices of the raw materials. On the 
above-mentioned basis, the projected per-gram cost of G3 was evaluated for 
Route A (approx. 1117.14 €/g). The projected cost is enormously high for a 
fine chemical compound with prospective large-scale applications. On the 
contrary, the expected per-gram cost of G3 for Route B was approximately 
505.45 €/g, exhibiting a huge improvement (Table 3). Although the higher 
costs do not directly influence the environment, the manufacturing choices 
resulting in a considerable cut-down in cost are essential in the view of 
achieving competitiveness to the solar cell technology (Osedach et al., 
2013; Hendsbee, Macaulay, & Welch, 2014). Immense benefits can also be 
obtained concerning waste production due to diminished E-factor calculation 
in Route B, that is, 7706.91 g/g, which is half of the calculation obtained for 
Route A. An additional key tool for the assessment of environmental impact 
of a process is the estimation of the EcoScale parameter. The evaluation 
of EcoScale parameter incorporates issues such as hazards and toxicity 
associated with the use of solvents, reagents, process setup, purification 
procedures, and prices. A higher value of EcoScale factor represents a better 
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method. The values acquired for Routes A and B. Low values are attained for 
Route A and Route B (−82.7 and −161.2 for Routes B and A, respectively), 
due to the higher number of manufacturing steps. However, it is evident that 
Route B is exceptionally favorable concerning the traditional approach due 
to the presence of C−H activation pathway.

6.5 DEVICE STABILITY AND PHOTOVOLTAIC 
PROPERTIES

The photovoltaic potentials of G3 devices have been evaluated by developing 
a series of liquid electrolyte dye-sensitized solar cells. The power conversion 
efficiency of G3 (i.e., η = 8.64%) can be recognized as extraordinarily high. 
This is because power conversion efficiency of G3 is higher than that of the 
cells constructed from the ruthenium-based dye (N719) with the average 
laboratory-scale efficiency of around 8.3% (commonly recognized as a 
reference value in DSSCs). The higher conversion efficiencies of G3-based 
solar cells have motivated the scientists and researchers to explore this area 
of active devices.

Figure 57. Relationship between photocurrent density and voltage (curve of a 
G3-based solar cell device under 1.0 sun illumination (VOC = 0.663 V, JSC = 
18.11 mA/cm2, FF = 0.72).

[Source: http://pubs.acs.org/doi/abs/10.1021/acssuschemeng.5b00108]

To evaluate the high efficiency of G3-based solar cells, the performances 
of transparent DSSC prototypes with a large area have been investigated 
repeatedly before and after the aging test (at 85°C for 1000 hours in variable 
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ambient conditions), followed by the comparison of the results with the 
N719-based standard.

6.5.1 Effect of Aging Process
Before the aging process, short-circuit current (JSC) and open-circuit 
voltage (VOC) were analogous to both cells prepared by Grisorio et al. 
(2015). The values of JSC and VOC were independent of the used dye 
(N719 or G3). However, the N719-based solar cells exhibited a superior fill 
factor (FF) resulting in slightly higher increasing efficiencies (Fig. 58A). 
The N719-based solar cell exhibited an efficiency drop of about 59% after 
undergoing aging for 1000 hours (Leonardi, Penna, Brown, Di Carlo, & 
Reale., 2010; Heo, Jun, Y., & Park, 2013). On the other hand, the decrement 
in the efficiency of the G3 device was approximately 15% (Fig. 58B).

Interpretation of the above data necessitates considering that the 
diffusion of water is only possible during a prolonged aging process in the 
dearth of any humidity control system at a constant aging temperature. The 
above-illustrated situation presents the detailed information on the long-
term stability of a particular dye.

Figure 58. (A) I−V characteristics for the two different dyes before and after 
aging at 85°C for 1000 hours (potential scan direction was from high to low 
voltage). (B) Graph showing the relationship between efficiency decay and time 
during aging.



Handbook of Chemical and Biochemical Technologies178

[Source: http://pubs.acs.org/doi/abs/10.1021/acssuschemeng.5b00108]

6.5.2 Effect of Aqueous Media on Electrochemical Properties 
of the DSSCs

It can be stated that G3-based devices are comparatively less sensitive to 
aqueous media as compared to N719-based devices. This behavior can be 
illustrated by the trends in the values of circuit resistance tabulated in Table 
10, acquired by electrochemical impedance spectroscopy (EIS, Fig. 59).

Table 10. Fitting Data from EIS Plots

Parameters N719 G3
Time (hours) 0 0 1000 1000

Rrec (ohm) 1.72 0.71 0.59 1.34

Rct (ohm × 
cm2)

8.77 9.53 9.60 14.06

Rd (ohm) 2.24 2.05 2.55 3.82

Rct: charge transfer resistance at the platinum layer. Rd: diffusion resistance 
of the redox pair in the electrolyte. Rrec: recombination resistance at the 
dye/TiO

2
−electrolyte interface

The values given in Table 10 are stringently associated with each other, 
and their deviation with time is considered to be dependent on three major 
reasons which are listed below.

•	 Electrolyte bleaching (lessening the concentration of I
3
− in the 

electrolyte).

•	 Decrease in catalytic activity of Pt-based counterelectrode.
•	 Detachment of the dye from the TiO

2
 surface.

The decrease in the recombination resistance (Rrec) suggests an 
increment in the recombination rate of the injected mobile electrons onto the 
surface of TiO

2
. The mobile electrons instigate the presence of the oxidized 

state of the redox couple in the electrolyte system due to dye detachment 
from the photoanode (Heo et al., 2013). It can be logically assumed that 
the above-mentioned drawback is caused due to the hydrolysis reaction 
in the presence of the titanium carboxylate bonding between TiO

2
 and the 

dye surface, triggered by the traces of water (Li et al., 2014; 2015). On 
the other hand, a sharp decrement in Rrec and Isc is observed for N719. 
This observation can be associated with two distinct effects caused by the 
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interaction of water with the dye and TiO
2
, that is, dye modification and dye 

detachment from the surface of TiO
2
 (Nguyen, Ta, & Lund, 2007; Nguyen, 

Degn, R., Nguyen, H. T., & Lund 2009; Nguyen, Andersen, Skou, & Lund 
2010).

To further validate the water effect, the increment in the diffusion 
resistance (Rd) in both cases was observed after the aging process 
((Papageorgiou, Maier, & Grätzel, 1997; Nour-Mohammadi, Nguyen, 
Boschloo, & Lund, 2007). This increment can be caused due to the bleaching 
of the electrolyte with time, as already illustrated in the literature (Hauch 
& Georg, 2001; Asghar et al., 2012; Mastroianni et al., 2014). Bleaching 
of the electrolyte can be caused by the formation of iodate in the aqueous 
medium (Macht et al., 2002; Jung, Yoo, Lim, Lee, & Kim, 2009; Modestino 
& Haussener, 2015).

Figure 59. Nyquist graphs for cells consisting of N719 and G3. Equivalent 
circuit employed for curve fitting of the impedance data: Rct/Qct charge trans-
fer, capacitance, and Rs series resistance at the surface of platinum (semicircle 
at high frequency); capacitance and Rrec/Qrec recombination resistance at the 
dye/titania–electrolyte interface (i.e., semicircle at intermediate frequency); 
semicircle at low frequency represents Wd diffusion

[Source: http://pubs.acs.org/doi/abs/10.1021/acssuschemeng.5b00108]
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7.1 INTRODUCTION

As has been discussed in the former chapters, the chemical looping procedure 
of type I employs a metal oxide/metal particle having specifically designed 
support and promoters that can endure numerous oxidation/reduction cycles 
while sustaining a high oxygen-carrying capacity. The oxidized form of these 
particles has the capability of reacting with several types of carbonaceous 
fuels, including biomass, hydrocarbons, coal, wax, and syngas, after which 
the particles are reduced down to their metallic form. Particles at the reduced 
stage are possible to oxidize into original state by CO

2
, O

2
, air, or steam 

(Blockstein & Shockley, 2006; Park, Gupta, Li, Sridhar, & Fan, 2010). 
Therefore, these contrived chemical looping particles permit the effective 
transformation of several carbonaceous fuels into CO

2
, heat, syngas, H

2
, 

or any other combination of these products (Satyapal, Petrovic, Thomas, 
Read, & Ordaz, 2006; Satyapal, Petrovic, Read, Thomas, & Ordaz 2007). 
Such particles can also be employed for the production of electricity, steam, 
chemicals, or liquid as well as gaseous fuels. Moreover, due to the presence 
of support and promoter, the reaction rate of the particle can significantly 
faster than metal oxide/metal in its pure form. Additionally, as already 
discussed in previous chapters, the oxidation/reduction process taking place 
in two different reactors also offers an incorporated CO

2 
separation feature 

(Carpetis, 1980; 1982).

Figure 60. Typical example of a chemical looping process involving gasifica-
tion and hydrogen production

[Source: https://www.aiche.org/academy/videos/conference-presentations/
chemical-looping-gasification-and-hydrogen-clgh-process-solid-biomass-dual-
fluidized-bed-system]
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The type II chemical looping procedure employs metal carbonate/metal 
oxide particles for capturing sulfur, CO

2
, and halide impurities concurrently 

over various cycles while preserving a high capture capability (0.5 g CO
2
 

captured for each gram of metal oxide). The particles of metal oxide can 
capture sulfur, CO

2
, and halide impurities from fuel gas streams and fuel gas 

that are produced from an extensive variety of feedstocks, such as natural 
gas, coal, and biomass to manufacture a mixture of solids that is mostly 
composed of the metal carbonate (Chambers, Park, Baker, & Rodriguez, 
1998; Park, Tan, Hidalgo, Baker, & Rodriguez, 1998). The calcination of 
metal carbonate can be carried out for the production of a sequestration-
ready CO

2 
stream. This chemical looping procedure incorporated with a 

gasification system can produce hydrogen, electricity, chemicals, as well 
as liquid fuel; moreover, using a combustion system, the production of 
electricity can be carried out with a very low CO

2 
footprint (DeLuchi, 1989; 

Das, 1990).
The high flexibility and efficiency of such chemical looping procedures 

permit an extensive range of novel applications for this technology (Pant & 
Gupta, 2009; Al-Ghamdi et al., 2012). Some of these applications include 
carbon dioxide capture, onboard hydrogen production, direct solid fuel cell, 
solid oxide fuel cell, tar sand digestion, improved steam methane reforming, 
chemical looping with oxygen uncoupling, and liquid fuel production, all of 
these have been discussed in this chapter.

7.2 HYDROGEN STORAGE AND ONBOARD HY-
DROGEN PRODUCTION

Since hydrogen is a significant source of clean energy for several potential 
future projects, therefore, several technologies of hydrogen production, 
including the chemical looping process, are presently under development 
(Michel, Fieseler, Meyer, & Theiβen, 1998; Newson et al., 1998). We aim to 
develop both economically and technically feasible methods of generating 
hydrogen for large-scale production. One major issue associated with the 
application of hydrogen as a pollutant-free, carbon-free energy carrier is 
the storage of hydrogen (Verbetsky, Malyshenko, Mitrokhin, Solovei, & 
Shmal’ko, 1998; Scherer, Newson, & Wokaun, 1999). Particularly, one 
important potential application of hydrogen is its use as the transportation 
fuel of the future, since it does not lead to emissions of CO

2 
which are 

responsible for global warming (Malyshenko et al., 2000; Crabtree 
Dresselhaus, & Buchanan, 2004; Crabtree, & Dresselha, 2005). Except if 
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hydrogen is employed in an energy conversion system that is stationary, 
it needs to be transported to another site, generated onboard a vehicle or 
generated in a distributed generation system. But, economically, storage 
of hydrogen or its generation onboard a vehicle at a high density (both 
gravimetric and volumetric) is a challenge itself (Gao & Krishnamurthy, 
2008; Park et al., 2010). Hence, during the recent years, the development of 
hydrogen storage materials having high capacity has been one of the main 
areas for energy research. The main factors that need to be deliberated for the 
development of onboard hydrogen generation systems and hydrogen storage 
are as follows: hydrogen cost, capacity, hydrogen charging/discharging 
rates, durability, fuel quality, operability, the environment, health, and safety 
(Dillon et al., 2004; Gupta, 2008).

7.2.1 Compressed Hydrogen Gas and Liquefied Hydrogen
Two simplest methods that can be used for storing hydrogen are in liquefied 
form and as a compressed gas. At present, commercially available high-
pressure tanks can store hydrogen gas at 680 atm (10,000 psi) or 340 atm 
(5000 psi). The specific volume of hydrogen at 340 atm is 42 l/kg. Therefore, 
for a tank that contains 5 kg of hydrogen, this is parallel to a volume of 
almost 210 l, without counting in the volume of the walls of the tank (Burke 
& Gardiner, 2005).

Figure 61. Volumetric and gravimetric energy densities of different hydrogen 
storage

[http://onlinelibrary.wiley.com/doi/10.1002/9780470872888.ch6/summary]

Even though the hydrogen is stockpiled in its pure form, the gravimetric 
fuel capability of high-pressure tanks is nearly 5 wt.% when the total weight 
of the tank is factored in (for instance, 86.3 kg for 4.7 kg of fuel at 204 atm). 
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This amount is considerably smaller as compared to traditionally used liquid 
fuels (Fig. 61). The results of an experiment carried out demonstrated the 
volumetric and gravimetric energy densities of hydrogen gas compressed 
at 680 and 340 atm; these values are still significantly lower than the target 
set by the DOE FreedomCAR Partnership. Bearing in mind the non-ideal 
performance of hydrogen gas at elevated pressure, the rise in pressure 
above 680 atm would not significantly increase the content of energy of 
this storage possibility. For instance, if we double the pressure from 680 
to 1360 atm, it would just raise the density of volumetric hydrogen gas 
by 30%. However, higher pressure needs a significantly large increase in 
compression power. According to the estimation, 8.5% content of the energy 
of the hydrogen, at 340 atm, would get consumed in compression (Amold 
& Wolf, 2005). Unlike traditional tanks used for liquid fuels, which can be 
built in several different dimensions and shapes to utilize the offered space 
best, high-pressure tanks employed for storage of hydrogen can only be 
cylindrical. This also restricts the application of compressed gas as an option 
for hydrogen storage. Nonetheless, presently, compressed hydrogen gas is 
considered a mature selection for vehicular applications; moreover, advance 
research is continuing to reduce cost as well as lowering tank weight design 
(Aceves, Martinez-Frias, & Garcia-Villazana, 2000; Aceves, Martinez-
Frias, & Espinosa-Loza 2002; Aceves, Berry, Martinez-Frias, & Espinosa-
Loza, 2006).

Another procedure for storing pure hydrogen is its storage in the 
liquefied form. According to the phase diagram of hydrogen, it occurs in 
the liquid form at below—253°C. The density of liquid hydrogen is much 
higher as compared to compressed hydrogen having a specific volume of 14 
l/kg, which greatly decreases the size of the onboard tank of fuel. The key 
problems connected with using liquefied hydrogen are the energy necessities 
for liquefaction purpose and the inactivity period. The average consumption 
of energy in the course of liquefaction of hydrogen is around 30% of the 
LHV (LHV is an abbreviation of the lower heating value of hydrogen). 
This value is quite greater than the energy for compression of hydrogen to 
340–680 atm. The period of inactivity involves the steady warming up of 
hydrogen in the storing container as well as its succeeding boil-off.

According to the research, if a tank contains 4.6 kg of fuel, then nearly 
4% of the hydrogen will be boiled off each day. Therefore, special cryogenic 
tanks containing excellent insulation are being manufactured to overcome 
the inactivity issues (Escribano Sanz, 2014). Particularly, a multilayer 
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vacuum insulation, a vessel of high pressure, furnished with an outer wrap 
composed of composite material and lined with aluminum, and an outer 
vacuum vessel, has been comprehensively tested and afterward implemented 
in a demonstration vehicle. Depending on the required driving distance, this 
vehicle can be fueled with either liquid hydrogen or compressed hydrogen 
gas (Park et al., 2010).

A relatively new idea is hybrid hydrogen tank comprising of a typical 
compressed hydrogen tank which, to some extent, is filled with reversible 
low-temperature hydrogen absorbing alloys (Heung & Wicks, 1999). Typical 
examples of reversible hydrides such as FeTi and LaNi can store hydrogen 
having volumetric densities of around 6.7–7.7 l/kg at 100°C; this value is 
quite a few times greater than compressed hydrogen concerning volumetric 
density (Bogdanović & Schwickardi, 2001). Owing to its high volumetric 
energy density, such joint storage choice can permit more compact storage of 
hydrogen without having to sacrifice the benefits of a compressed hydrogen 
system.

Liquefied, compressed, and hybrid tanks offer the major benefit of 
instantly delivering pure hydrogen at high rates; on the other hand, other 
systems that involve physisorption or chemisorption of hydrogen need a 
significant temperature swing for the regeneration of hydrogen on demand. 
Refueling too is comparatively fast and simple since no chemical reactions 
take place during the refilling of liquefied and compressed tanks (Heung, 
2003).

7.2.2 Metal Hydrides

Storage of metal hydride-based hydrogen is not a new technology. It has 
been widely researched in the course of the past 30 years. Metal hydrides 
stockpile hydrogen chemically in the form of a crystalline structure that can 
pack more hydrogen into the provided volume than liquid hydrogen. The 
revocable equilibrium reaction that involves storage of hydrogen, as well as 
its regeneration, can be written as follows:

MHN, solid + Heat ↔ M solid +(n2) H2

Nevertheless, as hydrogen is very light as compared to the other metals 
that are usually quite heavy, therefore, storage of hydrogen for each unit 
weight is not as high as compared to the other metals. Hydrides that involve 
hydrogen light elements such as N, Be, B, Li, Na, Al, and Mg usually have 
adequate hydrogen storage for each unit weight, whereas, practically, the 
binding energy is quite strong for the binary hydrides of these elements. 
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A high value of binding energy ensures that the hydride will discharge 
hydrogen only at high temperatures (Bowman, Hwang, Ahn, & Vajo, 2004). 

For instance, MgH
2
, which is one of the minimum stable binary hydrides 

amid the light metals, has a hypothetical hydrogen capability of around 7.6 
wt.%; however, its equilibrium hydrogen pressure merely reaches 1 atm at 
around 300°C (Li, Jena, Araujo, & Ahuja, 2004).

AlH
3 
is a solid covalently bonded with 10.1 wt.% hypothetical hydrogen 

storage that in actual is thermodynamically not stable at room temperature 
(Bruster, Dobbins, Tittsworth, & Anton, 2004). Since it is not stable at room 
temperature, it can release hydrogen at temperatures less than 100°C. There 
is no known process at present that could produce AlH 

3 
in an efficient manner 

or on a large scale, and hence, this reutilizing of Al into AlH
3 
would have to 

be completed offsite. Several other hydrides demonstrate high capabilities 
of hydrogen and might have other advantageous characteristics (Schüth, 
Bogdanović, & Felderhoff, 2004). Nevertheless, they have the similar 
disadvantage as AlH 

3 
in the aspect that there is no acknowledged method 

of recharging the spent “fuel” in an efficient manner or on a large scale. On 
the other hand, present examples of a few known hydride reactions consist 
of hydrolysis of MgH

2 
with water for producing hydrogen and Mg (OH) 

2
, 

as well as catalytic hydrolysis of NaBH
4 
(that can be stored in the form of a 

25% solution in water) for producing hydrogen and aqueous NaBO
2 
as can 

be seen in the following chemical reaction (Araújo, Ahuja, Osorio Guillén, 
& Jena, 2005):

NaBH
4 
+ 2H

2
O

2	
→ NaBO

2 
+ 4H

2

Such kinds of hydrides might still discover specialty applications where 
economics are not the main factor to consider; however, currently, they are 
not appropriate for mobile applications. However, if an effective and simple 
process for restoration of any of such compounds was established, in reality, 
they could fulfill the requirements for both gravimetric and volumetric 
energy density (Garberoglio, Skoulidas, & Johnson, 2005).

A hydride that can both release and regenerate hydrogen under mild 
conditions is known as a reversible hydride. Such hydrides normally have 
equilibrium hydrogen pressures of around 1 atm at slight temperatures 
(approximately 0–60°C). With the help of these proper catalysts, these 
hydrides can be created using their metal alloys at high pressure and room 
temperature and will discharge hydrogen at 1–2 atm at elevated temperatures 
(still not greater than 100°C). Primary reversible metal hydrides contain 
transition metal alloys, for example, MNi

5
H

6 
and

 
FeTiH

2
, after upon that 
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M can be several transition metals (Manovic & Anthony, 2008). Excitingly 
enough, the former compound is already used in Ni–MH rechargeable 
batteries that are used in several digital cameras as well as other electronics. 
Unluckily, such alloys normally have only 1–2 wt.% hydrogen, and hence, 
they are not appropriate for mobile applications (Rosi et al., 2003; Rowsell, 
Millward, Park, & Yaghi, 2004).

Figure 62. A comprehensive comparison of metal-based and material-based 
storage systems

[https://www.researchgate.net/figure/274016408_fig1_Figure-1-Compressed-
hydrogen-vs-materials-based-hydrogen-storage-2-Re-organized-from]

Since long, sodium alanate (NaAlH
4
) was thought out to be in the same class 

as NaBH
4
 and other irretrievable hydrides in spite of having an equilibrium 

hydrogen pressure of approximately 1 atm at a temperature reaching 30°C. 
In 1997, this concept was changed when Schwickardi and Bogdanovic 
reported based on their experimentation and research that it is possible to 
regenerate NaAlH

4
 under moderately mild conditions when it is doped with 

particular transition metals (Wang et al., 2010; Wang, Ramkumar, Wong, 
& Fan, 2012). Till now, the best results have been gathered by employing 
Ti as the dopant. Usual conditions for Ti-catalyzed rehydrogenation are 
the temperature of around 100°C and an atmospheric pressure of 100 atm. 
Balance is necessary to achieve among the kinetics, which becomes more 
promising as the temperature is increased, and the thermodynamics, which 
becomes less promising with the rise in the temperature (Jin & Ishida, 2004; 
Lu, Hughes, & Anthony, 2008). Theoretically, the capacity of hydrogen 
storage of NaAlH4 is around 5.5 wt.%. Additionally, it has a reversible 
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hydrogen storage capacity of approximately 5 wt.% (Jung et al., 2006; Sun, 
Lim, & Grace, 2008).

Other methodologies that are worth mentioning, however, are not yet 
fully developed and include destabilized mixtures of various hydrides as 
well as lithium imide/lithium amide systems. The hydrogenation of lithium 
imide to lithium amide can be carried out with 6.5 wt.% reversible storage at 
almost 250°C (Fennell, Pacciani, Dennis, Davidson, & Hayhurst, 2007; Li, 
Yang, & Yang, 2007). In addition to the requirement of comparatively high 
temperature, this system also has another problem, which is producing a 
small quantity of ammonia, which is responsible for poisoning the polymer 
electrolyte membrane (PEM) fuel cells. The formation of destabilized 
mixtures of hydrides takes place by mixing a stable, high-capacity hydride 
with such a compound that can form a stable intermediate with the 
dehydrogenated form of the hydride. An example of such mixture is a blend 
of LiBH

4 
and

 
MgH

2
, which has been testified to have a reversible storage 

capacity of 9 wt.%; however, it can only be achieved with slow kinetics 
and at a high temperature (Li & Yang, 2006; Chrissafis, 2007). This specific 
blend has been able to achieve a high capacity owing to fairly high hydrogen 
capacities of both components. More research in the future can result in 
the production of more destabilized mixtures holding more advantageous 
thermodynamics and kinetics (Dillon et al., 2004; Grasa & Abanades, 2006).

7.2.3 Carbon Nanotubes and Graphite Nanofibers
Upon initially published reports of carbon nanotubes (CNTs), significant 
excitement was created among researchers and scientists as according to 
these reports, carbon nanotubes contain high storage capacities (Gupta, 
Tiwari, & Srivastava, 2004; Fan & Gupta, 2006). A researcher named, 
Dillon et al., carried out his initial research on the storage capability of 
CNTs. Scientists studied the adsorption mechanism of hydrogen on soot 
that enclosed 0.1–0.2 wt.% single-walled nanotubes (SWNTs) and further 
extrapolated their data for determining a hydrogen storage ability of 5–10 
wt.%. Based on his theoretical calculations, another researcher, Lee et al., 
predicted a hydrogen storage ability of almost 14 wt.% in SWNTs (Lee et al., 
2004). Multiwalled nanotube (MWNT) capacity was observed to fluctuate 
from 2.7 wt.% to around 7.7 wt.% (Taerakul et al., 2007; Fan, Ramkumar, 
Wang, & Statnick, 2008).
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Figure 63. A typical view of single-wall carbon nanotubes and multiwall car-
bon nanotubes

[Source: https://www.quora.com/What-is-the-difference-between-single-
walled-and-multi-walled-carbon-nanotubes]

Recently, more studies have been carried out. However, they have failed 
to achieve the results foretold by Lee et al. (2004). Two other researchers, 
Wang and Iqbal, conducted a research and found absorption of hydrogen 
to be 2.5–3.2 wt.% for SWNTs that were charged electrochemically. With 
desorption taking place at 70°C, reversible hydrogen storage was achieved 
at 1.5 wt.%. Further research conducted by Dillon et al. (2004) on hydrogen 
adsorption on MWNTs revealed that despite the fact that no hydrogen 
was absorbed by iron nanoparticles or fresh MWNTs under near-ambient 
settings, MWNTs that had considerable quantities of nanoparticles of iron 
were able to stock 0.035 wt.% hydrogen (White, Strazisar, Granite, Hoffman, 
& Pennline, 2003; Fan & Jadhav, 2002).

They drew out the conclusion that the characteristics of adsorption 
must result from an interaction between the iron nanoparticles and the 
MWNTs. Some other studies have also confirmed that the existence of metal 
nanoparticles is required for absorption of hydrogen in both MWNTs and 
SWNTs. Studies undertaken most recently have observed absorption in the 
range of 1–4 wt.% for SWNTs and even lower for MWNTs (Wang & Iqbal, 
2004; Lee, Verdooren, Caram, & Sircar, 2007).

Nanofibers constructed from graphite and known as GNFs are a 
nanostructured formula of carbon comprising of layers of graphite that are 
fashioned into fibers. The discrete layers of graphite can be perpendicular 
(platelet), parallel (tubular), or at an angle (herringbone) to the fiber axis. The 
diameter and length of such individual GNFs can alter depending on several 
factors, but normal values include diameters of 250 nm and lengths of around 
50 μm. GNFs can be constructed through various processes. However, the 
most common processes of their construction are catalytic graphitization of 
electrospun polymer fibers, usually poly (vinylidene fluoride) and thermal 
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decomposition of hydrocarbons, usually ethylene; acetylene; or benzene 
(Ahn et al., 1998; Escribano Sanz, 2014).

Figure 64. Single-wall and multiwall CNTs along with carbon nanofibers 
(CNFs), that is, platelet-like CNF-P, ribbon-like CNF-R, and herringbone 
CNF–H

[Source: http://pubs.rsc.org/en/content/articlehtml/2010/ay/b9ay00312f]

In 1998, the first research was published on the usage of GNFs for 
storage of hydrogen. Preliminary research was carried out by Chambers et 
al. (1998). Chambers et al. acquired hydrogen adsorption altering from 11 
wt.% for tubular GNFs to almost 67 wt.% for herringbone GNFs. Following 
that, hydrogen desorption was observed to be as high as 58 wt.% (Bowman 
Jr et al., 1998; Park et al., 2010).

Adsorption phenomenon took place at pressures varying from 44 to 112 
atm and at room temperature. On the other hand, desorption phenomenon 
took place at atmospheric pressure and room temperature. A researcher 
named, Ahn et al. (1998), researched GNFs and few other kinds of activated 
carbon and observed quite lower storage capabilities at 77 K (−196°C) 
and room temperature. GNFs were observed to absorb almost the equal 
quantity of hydrogen as can be absorbed by the other forms of activated 
carbon, with the best-absorbing capability being ∼ 1 wt.% at 77 K for GNFs. 
Another researcher, Fan et al. (1999), stated a hydrogen storage capacity 
of around 10–13 wt.% for GNFs in his report. Recently, research has 
been conducted by Gupta et al. (2004), who has found a hydrogen storage 
capacity of approximately 17 wt.% for GNFs developed through the thermal 
decomposition of acetylene on Pd sheets. Another example is a researcher 
named Hong et al. (2007) who formed GNFs by using electrospun poly 
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(vinylidene fluoride) nanofibers and observed a storage capability of 0.11–
0.18 wt.% (Garcia-Labiano, Adánez, de Diego, Gayán, & Abad, 2006; 
Escribano Sanz, 2014).

7.3 CHEMICAL LOOPING GASIFICATION INTE-
GRATED WITH FUEL CELLS

The flexibility and high efficacies to produce preferred products, together with 
the incorporated environmental advantages regarding eagerly sequestrable 
stream of CO

2
, make chemical looping gasification of coal an appealing 

methodology for energy management and conversion (Kronberger, Lyngfelt, 
Löffler, & Hofbauer, 2005; Fan, Li, Zeng, & Sridhar, 2016). As discussed 
previously, the process of coal-direct chemical looping (CDCL) is appealing 
since it can convert as maximum as 80% of the coal thermal energy into 
hydrogen. Now, schemes of energy conversion are proposed to efficiently 
extract chemical energy from the fuels by the integration of the fuel cell with 
chemical looping.

7.3.1 Chemical Looping Gasification Integrated with Solid 
Oxide Fuel Cells

Figure 65 demonstrates a scheme of electricity generation. In this method, a 
chemical looping gasification system has been strategically combined with 
industrially available solid oxide fuel cells (SOFC) to minimize the loss of 
energy (Chuang, 2005).

In the configuration shown below, the hydrogen-rich gas is produced as 
a result of the chemical looping oxidizer. This gas is then directly introduced 
to the anode side of SOFC for the generation of power. The exhaust of the 
anode of SOFC is a lean hydrogen gas and contains a substantial quantity of 
steam which is recycled again to the chemical looping oxidizer for generating 
hydrogen (Chuang, Mirzababaei, & Rismanchian, 2014).



Modern Applications of Chemical Looping Processes and Technologies 201

Figure 65. Chemical looping gasification combined with a solid oxide fuel cell.

[Source: http://onlinelibrary.wiley.com/doi/10.1002/9780470872888.ch6/sum-
mary]

Table 11. Coal to electricity configurations and efficiencies of process

Process configuration Conventional
IGCC

CDCL—combined 
cycle

C D C L —
SOFC

Efficiency (%HHV) 30–35 47–53 64–71

CO2 capture rate (%) 90 100 100

As is shown in Figure 65, a closed loop is formed between the SOFC 
anode and the chemical looping oxidizer using the circulation of the gaseous 
mixture of H

2 
and steam. The mixture of H

2 
and steam basically acts as a 

“working fluid” for the generation of power. Even though some exclusion, 
recompression, and makeup may be essential for the working fluid, the most 
amount of the steam will not be condensed and is circulated in the closed 
loop. As a result, condensation, as well as reheating of steam, is a step that 
is responsible for considerable loss of energy in the traditional process of 
power generation, which can be minimized (Ruff, Ebert, & Stephan, 1929; 
Rydén & Lyngfelt, 2006). The amalgamation of the SOFC anode and the 
chemical looping oxidizer also cuts down the requirement for a gas turbine, 
which is needed in a typical SOFC combined cycle system. To increase the 
efficiency of the process, the configuration of chemical looping combustor 
can be carried out in a manner that the oxygen-l may exhaust air from the 
cathode of SOFC which is then utilized for the combustion of Fe

3
O

4 
to 

Fe
2
O

3
. As a consequence of this, the production of the high-grade heat is 

improved and the compression work for the air is decreased. In Table 11, a 
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comparison has been made between the efficiencies of the traditional IGCC 
process, the CDCL integrated with SOFC, and the CDCL combined cycle. 
As is illustrated in the table, the CDCL–SOFC method has the capability of 
doubling up the proficiency of state-of-the-art methods of power generation 
(Riedel et al., 1999; Riedel, Schaub, Jun, & Lee, 2001; Rydén, Lyngfelt, 
& Mattisson, 2006). The substantial improvement in efficiency of energy 
conversion results from the innovative scheme of energy integration between 
the SOFC and chemical looping.

7.3.2 Direct Solid Fuel Cells

A more advanced method of generating electricity involves the integration 
of a direct solid fuel cell and a chemical looping reducer (Zhang, Jacobs, 
Sparks, Dry, & Davis, 2002). By the modification of the electrochemical 
oxidation of sustained Fe to Fe

2
O

3
, electricity is generated, and hence, a 

system can be developed by the integration of a direct solid fuel cell and a 
chemical looping reducer. This system has been illustrated in Figure 66.

In this method, we feed reduced metal particles directly to a solid oxide 
fuel cell that can process solids directly. At first, particles get reduced down 
in the fuel reactor and afterward introduced to the fuel cell for reaction 
with air or oxygen at 500–1000°C for producing electricity. After that, the 
oxidized particles are reprocessed back to the fuel reactor to be concentrated 
again. It is necessary for the particles to have conductive properties for 
the duration when the metal is in both the reduced and the oxidized states 
(Dorner, Hardy, Williams, & Willauer, 2010).

Figure 66. Application of direct solid oxide fuel cell for chemical looping

[Source: http://onlinelibrary.wiley.com/doi/10.1002/9780470872888.ch6/sum-
mary]
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Two universities, namely the University of Akron, headed by S. S. C. 
Chuang, and the Ohio State University, headed by L. S. Fan, are in the process 
of making chemical looping solid oxide fuel cell systems. At UA, the initial 
study of the solid oxide fuel cell has been carried out, which states that the 
reduced iron (Fe) on Fe–Ti–O may function as a fuel, generating 45 mA/
cm 2 at 0.4 V and at temperature of 800°C (Kronberger et al., 2004; 2005). 
The resulting composite material, that is, oxidized Fe–Ti–O, continued to 
be in the form of the powder and did not stick to the surface of anode of the 
fuel cell (Scott, Dennis, Hayhurst, & Brown, 2006; Arjmand, Azad, Leion, 
Lyngfelt, & Mattisson, 2011). The results indicate that a fuel cell integrated 
with chemical looping can be a possible tactic for generating electricity and 
an approximately pure stream of CO

2
 from coal (Patel, Hildebrandt, Glasser, 

& Hausberger, 2007; Hildebrandt, Glasser, Hausberger, Patel, & Glasser, 
2009).

The step for generating electricity from Fe on Fe–Ti–O consists of the 
following reactions:

Cathodic O
2 
+ 4e− → 2O2−	

Anodic 2Fe+ 3O2− → Fe O
23 

+ 6e−	

The complete reaction parallels with an ideal cell potential (that being 
open-circuit voltage) of 0.996 V at temperature of 800°C. The complete 
reaction is stated in the equation below:

2Fe+ 32O
2 
→ Fe O

23
ΔG = 384 kJ mol	

The observation of the generation of electricity from the Fe–Ti–O 
composite points out that the O 2− can reach the reduced Fe for carrying out 
the anodic reaction (Leion, Mattisson, & Lyngfelt, 2007; Leion, Mattisson, 
& Lyngfelt, 2009; Mattisson, Leion, & Lyngfelt, 2009). As this is one of the 
first efforts at employing solid metal in place of the fuel for the fuel cell, the 
results seem encouraging. Moreover, this concept of the direct solid fuel cell 
can be stretched out to additional types of oxygen carriers, for example, Cu 
and Ni (Garcia-Labiano, de Diego, Adánez, Abad, & Gayán, 2004; 2006). 
Table 12 makes a comparison of the ideal cell potentials by employing 
these metals in place of fuels. Fe/Fe

2
O

3 
is the type of oxygen carrier that 

provides the highest ideal cell potential. CuO has not been included, as it is 
unstable at 800°C; hence, it will not be effectual for coal chemical looping. 
Observation of the anodic reaction indicates the requirement to construct 
such a pathway that will help the electrochemical oxidation of supported 
Fe (Hallberg, Rydén, Mattisson, & Lyngfelt, 2014; Ströhle, Orth, & Epple, 
2014).



Handbook of Chemical and Biochemical Technologies204

Table 12. The ideal cell potentials (open-circuit voltage)

Reactions n 700°C 800°C 900°C

ΔG (kJ)	
E (V)

ΔG (kJ)	 E (V) ΔG (kJ)	 E (V)

2Ni + O2 → 2NiO 4 310 0.803 290 0.751 270 0.699

4Cu + O2 → 2Cu2O 4 220 0.570 200 0.518 180 0.466

4/3Fe + O2 → 2/3Fe2O3 4 407 1.053 384 0.996 363 0.941

2Fe + O2 → 2FeO 4 405 1.049 390 1.010 370 0.958

3/2Fe + O2 → 1/2Fe3O4 4 405 1.049 390 1.010 370 0.958

In contrast to the chemical looping–SOFC system which has been discussed 
in previous sections, the scheme of the direct solid fuel cell has proved to 
be more challenging as it involves the comparatively immature direct solid 
fuel cell technology. The following problems need to be addressed for the 
fruitful development of this direct solid fuel cell technology (Pröll, Schmid, 
Pfeifer, & Hofbauer, 2010; Tong et al., 2013).

i.	 The efficacy of the direct solid fuel cell technology for the genera-
tion of electricity by employing the supported Fe as a fuel.
ii.	 The efficiency of the supported Fe

2
O

3 
formed from the fuel cell for 

reacting with coal in the chemical looping method.
Overall, the evaluation of the capability of integrating a fuel cell with the 
process of chemical looping for the generation of electric power should be 
continued in more detail.
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8.1 INTRODUCTION

Presently, high-output next-generation sequencing (NGS) is quickly adapting 
to numerous phases of biomedical research and initiated to involve in the 
clinical practice. The latter phase will aid the use of genomic knowledge into 
clinical practice in present and several next decades and will greatly alter the 
diagnosis, prognosis, and treatment of various human diseases. Moreover, 
it will also demand reforms in both medical and philosophical curricula for 
the training of our future physicians. Nonetheless, substantial efforts are 
needed to overcome certain challenges before the final application of NGS 
in genomic medicine can be made fruitful and practical.

In 2003, as a result of the human genome sequencing project, the 
molecular basis to understand processes of several diseases at the genetic 
level (International Human Genome Sequencing Consortium, 2004; Hattori, 
2005) was established. As a result of this, the accessibility of reference 
sequence of the human genome has driven the rise of a new era of genomic 
medicine (Cancer Genome Atlas Research Network, 2008; Chin, 2013; 
Ley et al., 2008). Advancement in modern technology of high-output next-
generation sequencing (NGS), which is also identified as multiplex cyclic 
sequencing or massively parallel, is the chief element that will facilitate the 
use of genomic knowledge into clinical practice (Pao et al., 2004; Dietz, 
2010; Guttmacher & Dietz, 2010).

Figure 67. Next-generation Illumina-based sequencing technology

[https://www.slideshare.net/AustralianBioinformatics/ken-mcgrath-next-gen-
sequencing-game-of-thrones-edition]

Nevertheless, DNA sequencing and other associated genomic informatics 
should be made more informative, cost-effective, and readily and easily 
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applicable for the ultimate switching from empirical practice to precision 
medicine (Green & Guyer, 1947; Hawkins, Hon, & Ren, 2010). Presently, 
the pace of evolution of NGS technology is spectacular, and it is expected 
that soon, it will result in the delivery of high-output, economical, and even 
portable DNA sequencing appliances to be used in clinical laboratories. Ngs 
has already started the production of apparatuses for clinical benefits in few 
healthcare settings (Shendure & Ji, 2008; Mardis, 2008; Metzker, 2010). 
Perhaps in the coming decades, genomic medicine driven by NGS will 
greatly alter the processes of prognosis, diagnosis, and therapy of human 
diseases. It will require both philosophical alterations and reform in the 
curriculum for the training of our potential physicians in the future as well.

With the purpose of getting there, there are certain challenges which 
need to be overcome, for instance, development of computational biology 
techniques as well as sophisticated bioinformatics for the analysis of huge 
volume of sequencing data, understanding both non-genetic and genetic 
centers of human ailments, understanding discrepancies in the genome, and 
instituting effective methods for the delivery of evidence-based genomic 
medicine. Lastly, resolution of legal and ethical problems in the exercise of 
genomic medicine is also significant (Pozo, Casas, Ruiz, Falcon, & Pérez-
Breña, 2008; Martinez & Nelson, 2010; Liu & Li, 2011). This chapter 
presents technological background and chemistry of NGS. In the end, it will 
be concluded by the path of technological development of the future in these 
aspects (Voelkerding, Dames, & Durtschi, 2009).

8.2 CHEMISTRY OF MATERIALS

The Human Genomic Project undertook DNA sequencing which was 
concluded in 2003 almost completely by Sanger’s procedure, the first-
generation sequencing. DNA sequencing was taken to the new heights in 
2007, when the Illumina genome analyzer was presented for the first time, 
foreshowing the age of next-generation sequencing. After that, within one 
year, in 2008, NGS has employed effectively to sequence the first individual 
human genome (Wheeler et al., 2008). Presently, NGS technology has been 
growing at an unprecedented speed along with a reducing cost. It is anticipated 
that in the coming years, the price will be reduced down to less than $10,000 
per human diploid genome (Niedringhaus, Milanova, Kerby, Snyder, & 
Barron, 2011). During the time of writing, it is possible for a typical platform 
to produce almost 600-giga-base data in a sequencing course that continues 
for 7–10 days. The data characterize almost 6,000,000,000 sequencing reads 
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having a length of 100 bases. Commonly, NGS uses ligation chemistry 
(sequencing-by-synthesis) or DNA synthesis to read through several free 
templates of DNA at the similar time in a highly parallel manner to produce 
a massive quantity of DNA sequence data (Fuller et al., 2009). The strategy 
of sequencing-by-synthesis involves ensemble approach (sequencing of 
several clonally amplified DNA targets on secluded beads or surfaces) 
or a single-molecule approach. Both of the mentioned approaches can be 
accomplished in either synchronous-controlled fashion (in this approach, 
DNA polymerase is manufactured using “stop-and-go” technique by 
controlling the delivery of nucleotides or by limiting extension temporarily 
through metal catalysts or modified nucleotides) or real-time fashion (DNA 
polymerase is manufactured without disruption). The detection of the signal 
can be accomplished by enzyme-coupled chemiluminescence assays for 
pyrophosphate, fluorescent labeling of nucleotides, and pH change which 
results from the release of proton during incorporation of each nucleotide.

One major difference between the first-generation Sanger sequencing and 
NGS is that NGS produces short reads of commonly less than 500 bp, unlike 
1000 bp. Nevertheless, the huge depth of coverage, that is, many reads over 
the similar template DNA region, provides compensation for the limitations 
induced by short reads. NGS technologies have several advantages such 
as they have significantly increased the throughput capacities and speed 
over Sanger sequencing at the same time decreasing price, even as we 
write. NGS may be categorized into second and third generations as per 
their years of chemistry and availability. Second-generation sequencing 
fundamentally employs DNA synthesis chemistry; the same is employed by 
the conventional Sanger’s sequencing. On the other hand, third-generation 
sequencing (single-polymerase sequencing platforms of PacBioRS, Inc and 
Ion Torrent of Life Technologies, Inc) makes use of unique chemistries, 
which will be elaborated in the following technology section.

8.3 GENERAL WORKFLOW OF NGS

Irrespective of several sequencing chemistries, both second and third 
generations of NGS need highly complicated presequencing target 
preparation techniques plus data analysis of postsequencing bioinformatics 
(Fig. 68). The presequencing procedure consists of targeting DNA enrichment 
as well as library preparation of NGS. Target enrichment can be achieved 
by different amplification procedures (PCR, RainDance Fluidigm PCR, or 
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Long Ranger PCR) or hybridization capture techniques (in solution or by 
solid phase). NGS library preparation step usually includes the following:

•	 The disintegration of the enriched target DNA using different 
physical methods (acoustic wave, sonication, or nebulization) 
into a dimension of 150–500 length base pairs (library sequences) 
commonly,

•	 Ligation of the pieces to adaptor primers, and

•	 Clonal amplification of the library carried out by either surface 
cluster amplification or emulsion bead PCR.

Figure 68. General workflow of next-generation sequencing technology

[https://www.ncbi.nlm.nih.gov/pubmed/22648865]

Following a sequencing reaction, several billions of reads are produced. 
Each read comprises the sequence of a single template clone, normally 
~100 bases in length (Staplet et al., 2010; Rekadwad & Gonzalez, 2017). 
The bioinformatics analysis after sequencing commonly includes sequence 
image processing for the generation of base sequences, conversion of 
sequence files into readable files, and alignment of sequence with reference 
DNA sequence for ultimate variant identification and annotation. Suitability 
of NGS depends on the depth and sequence coverage. Adequate coverage of 
DNA regions of concern is required, and the appropriate depth of coverage 
(how many reads of the similar region) is significant for interpretation and 
accuracy. Few normally occurring complications related to NGS include 
sequencing reads being too short, which results in difficulties in mapping or 
assembly of final sequence; not each one of the sequences is processed in 
the same manner at homopolymers and high GC-rich regions, amplification 
bias is innate in few target enrichment processes, and sequencing errors 
(predominantly longer reads) take place from 0.01 to 16 per 100 bases’ read 
(Ekblom & Galindo, 2011).



Handbook of Chemical and Biochemical Technologies218

8.4 EVOLUTION OF SEQUENCING CHEMICAL 
TECHNOLOGY

8.4.1 First-Generation Sequencing

Before 2008, Sanger sequencing method was the dominated method in the 
biomedical research field (Maxam & Gilbert, 1977; Sanger et al., 1977). 
Typical fluorescent labeling is having four-color, where each of the colors is 
associated with one of the four bases of DNA, has been the chosen method 
for detection through automated capillary electrophoresis (CE) platforms, 
which are available commercially from Life Technologies Inc., Applied 
Biosystems Inc., and Beckman Coulter Inc. In 2007, the first comprehensive 
human diploid genome (known as Craig Venter) was sequenced using 
Sanger’s method (Levy et al., 2007; Wang et al., 2008; Wheeler et al., 
2008). Even though tasks of sequencing in huge comprehensive research 
ventures have now been shifted to NGS platforms, the platform of Sanger 
sequencing CE will probably continue to be of significant usage for clinical 
diagnostic applications and targeted sequencing projects (pathway analysis 
and biomarker identification) unless small-scale NGS platforms come to be 
economical and sufficiently fast; this is a fast-developing area of industrial 
development.

8.4.2 Second-Generation Sequencing

Reversible terminator sequencing is represented by Illumina, second-
generation sequencing by Roche 454 pyrosequencing, and single-molecule 
sequencing by Helicos. Employing DNA ligase or DNA polymerase as their 
nuclear chemistry, such platforms deliver substantial performance in massive 
comprehensive whole-genome sequencing projects (Shendure & Ji, 2008; 
Margulies et al., 2006). Roche 454 employs emulsion PCR for achieving 
clonal amplification of target sequence. The sequencing machine is composed 
of numerous picoliter-volume wells, each of which contains a single bead and 
sequencing enzymes (Schuster, 2008). Pyrosequencing employs luciferase 
for the generation of light for detecting the distinct nucleotide that is 
merged into the nascent DNA (Ronaghi, Karamohamed, Pettersson, Uhlén, 
& Nyrén, 1996; Ronaghi, Uhlén, & Nyren, 1998; Ahmadian et al., 2000). 
Illumina (Solexa) employs cluster target sequence amplification on surfaces 
that are solid (known as bridge amplification). Sequencing is carried out by 
the addition of four kinds of nucleotides, each of which has been labeled 
by one of four fluorophores and contains a 30 reversible terminator. Unlike 
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pyrosequencing, in the Illumina-based approach, DNA can be extended by 
just one nucleotide at a time. After the recording of the fluorescent image of 
the incorporated nucleotide, the fluorophore, together with the 30 reversible 
terminators, is removed chemically from the DNA molecule, which permits 
the next cycle to occur (Mardis, 2008).

Figure 69. Progressive generations of the sequencing technologies

[Source: https://databricks.com/blog/2016/05/24/genome-sequencing-in-a-nut-
shell.html]

Applied Biosystems’ SOLiD technology uses ligation reaction to carry 
out sequencing by employing a stock of all possible oligonucleotides having 
a fixed length that are categorized according to the position of the sequence. 
The ligation of oligonucleotides is done after annealing. The first ligation 
done by DNA ligase for matching sequences makes a record of the position 
of nucleotide. The clonal amplification of DNA is carried out by emulsion 
PCR on beads, which leads to each bead having just copies of the same 
molecule of DNA. These beads are placed on a glass slide and sequenced 
afterward (Valouev et al., 2008). These sequences are comparable regarding 
lengths and quantities to Illumina sequencing (Schuster, 2008; Wu, Irizarry, 
& Bravo, 2010).

HeliScope sequencer uses a technology known as “true single-molecule 
sequencing” (Efcavitch & Thompson, 2010; Thompson & Milos, 2011; 
Thompson, Ozsolak, & Milos, 2012). DNA fragments together with extra 
polyA tail adapters are joined to the surface of flow cell; this is followed 
by extension-based sequencing using fluorescently labeled nucleotides for 
cyclic washes of the flow cell just like in the case of Sanger sequencing. 
Even though the reads are short, current upgrading of the methodology has 
increased the accuracy of reading using homopolymers and also permits 
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for RNA sequencing (Harris et al., 2008; Thompson & Milos, 2011). The 
second-generation sequencing platforms differ considerably regarding their 
read length, throughput, and operating cost (Niedringhaus et al., 2011). They 
usually have high throughput, but extremely costly machines have ranged 
from US$0.5 to 1.0 million. The method used for signal recording is either 
pyrophosphate chemical conversion or fluorescence labeling; both methods 
need optical detection. The second-generation sequencing platforms, while 
being effective in several research applications, suffer consistently from 
high rates of the instrument, complexities of instrumentation and optics, 
difficulties in the preparation of sample and chemistry (enzyme–substrate 
reaction and fluorescent labeling), and read length restrictions (Foquet et 
al., 2008).

8.4.3 Third-Generation Sequencing

High demand for sequencing technology results in higher prices of 
technology. The final target goal aimed by NIH/NHGRI is $1000 per genome 
which invited grant challenge in 2004 for the development of advanced 
technologies. In line with this, presently the third-generation sequencing 
platforms have been characterized by less operation time, new chemistry, 
desktop design, and reduced operating cost. Three major third-generation 
sequencers have emerged at the time of writing, which comprise of Complete 
Genomics’ combined pro-anchor hybridization and ligation (cPAL), Pacific 
Biosciences’ real-time single-molecule sequencing (PacBioRS), and Ion 
Torrent of Life Technologies, Inc.

PacBioRS is a single-molecule single-polymerase sequencing platform 
operating in real time and can produce 1000-bp read (Eid et al., 2009; Munroe 
& Harris, 2010). Each chip contains zero-mode wave-guided (ZMW) 
nanostructures having 100-nm holes; inside these holes, DNA polymerase 
executes sequencing by amalgamation with phosphor-linked nucleotides 
which are characterized with sequentially introduced fluorophores (Fig. 70) 
(Lundquist et al., 2008; Korlach et al., 2008; 2010). Besides the production 
of DNA sequence, monitoring of the kinetics of nucleotide integration 
may prove helpful in the future for extracting epigenetic information (e.g., 
methylation configuration) of the native DNA strands (Flusberg et al., 2010). 
The platform has the capacity to sequence mRNA by employing ribosome in 
place of DNA polymerase (Uemura et al., 2010). However, the instrument 
having such configuration will be costly.
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Figure 70. PacBioRS-based real-time single-polymerase, single-molecule se-
quencing. The sequencing of a single-stranded template of DNA is performed 
by manufacturing in a nanostructure hole.

[https://www.ncbi.nlm.nih.gov/pubmed/22648865]

Figure 71. Complete development of Complete Genomics’ nanoballs after 
magnification of the rolling cycle. Ligation is used for carrying out sequencing 
of these DNB

[https://www.ncbi.nlm.nih.gov/pubmed/22648865]

A combinatorial methodology of ligation (cPAL) sequencing and probe/
anchor hybridization was pronounced by Complete Genomics with the claim 
of the largest throughput amid third-generation sequencers (Fig. 71). The 
technique employs rolling circle amplification of small DNA sequences into 
alleged nanoballs. Afterward, unchained sequencing by ligation is employed 
for determining the nucleotide sequence (Drmanac et al., 2010). This specific 
methodology allows sequencing of large numbers of DNA nanoballs per run 
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and at reduced consumable prices (Porreca, 2010; Namiot, Batyanovskii, 
Filatov, Tumanyan, & Esipova, 2011). The platform has successfully been 
employed in applications of clinical genome sequencing including whole-
genome sequencing of individuals (Lee et al., 2010; Roach et al., 2010). It 
can prove difficult to map the short sequencing reads to the database of a 
genomic reference, particularly during the analysis of tumor DNA.

Presently, the most flexible and cost-effective method is perhaps Ion 
Torrent technology (Life Technologies, Inc). This method has been supplied 
as a personal genomic machine (PGM) in the form of a benchtop apparatus 
to clinical and research laboratories (Rothberg et al., 2011). The sequencing 
methodology of Ion Torrent technology involves the discharge of proton 
through DNA polymerase, in the course of incorporation of each nucleotide. 
The thick microarray of individual microwell permits DNA polymerase to 
perform on target DNA fragments that are clonally amplified. Underneath 
each microwell, the detection of a change in pH is carried out by the ion-
sensitive field effect transistor (ISFET); this change in pH takes place as a 
result of the release of each proton, and a potential change (DV) is noted as 
direct measurement of nucleotide integration events (Fig. 72). In this system, 
no optical detection is involved; moreover, the system does not need any 
nucleotide labeling. The cost of Ion Torrent’s PGM is less than 100 K with 
sequencing ability sufficient for clinical diagnostic laboratories or small-
scale research projects. After its introduction in the market, NGS has started 
to be considered as a commodity for clinical and biomedical applications. As 
a general feature of several other systems, it contains multiplex barcoding 
adaptors which permit simultaneous testing of many samples. 

Figure 72. Ion Torrent technology illustrating the release of proton after the 
incorporation of the nucleotide by the DNA

[https://www.ncbi.nlm.nih.gov/pubmed/22648865]

The chip sizes that are available (314–318) capture 10–1000 MB of 
sequence data per run. Even though the present Ion Torrent operation is 
labor-demanding, recently the availability of automation with one-step 
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library preparation has simplified the whole process. Few limitations exist 
such as short read length (around 100–200 bp) and technical complications 
in reading by highly repetitive homopolymers and sequences, for which 
some progress has been made recently.

8.4.4 Next-Generation Sequencing Technology

The sequencing approach of Oxford’s nanopore technology is different and 
is presently in the developmental phase. It employs the tunneling electron 
microscope (TEM) which assessed changes in conductivity across a nanopore 
at the time of passage of a single DNA molecule. The total current that can 
pass through the nanopore at any specified moment differs depending on 
the size, shape, and length of the nucleotide that is hindering the flow of 
ion through the pore. With the passage of the DNA molecule, the resultant 
alteration in current through the nanopore represents a direct reading of the 
DNA sequence. For splitting of individual molecules of nucleotide from the 
DNA, an exonuclease enzyme is employed; moreover, these nucleotides can 
be identified in the proper sequence when coupled to a suitable detection 
system (Branton et al., 2008; Clarke et al., 2009). Oxford’s nanopore 
technology might also be appropriate for incorporation into a system for 
analyses of epigenetic modifications.

The nanopore known as “a hemolysin nanopore” is a capable sensor for 
ultrafast sequencing of DNA strands inside nanopores, which might deliver 
further sequence information by employing two recognition sites instead of 
one (Stoddart, Heron, Mikhailova, Maglia, & Bayley, 2009). Additionally, 
nanopore technology does not have the problems related to some of the 
other platforms by eliminating the requirement for the synthesis of DNA and 
optical detection and even target DNA amplifications (Ashkenasy, Sánchez‐
Quesada, Bayley, & Ghadiri, 2005; Astier, Braha, & Bayley, 2006; Bayley, 
2006; Wu, Astier, Maglia, Mikhailova, & Bayley, 2007).

Figure 73. Advanced Ion Torrent technology. (a) The Ion Torrent exclusive mi-
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crochip design. (b) Cross-sectional outlook of a single well which houses ionic 
sphere particles possessing a clonal amplified template of DNA. The incorpora-
tion of nucleotide by DNA poly

[https://www.ncbi.nlm.nih.gov/pubmed/22648865]

8.5 COMMON PROBLEMS WITH NGS DATA

Few general technical problems are related to several NGS platforms. 
Short reads in several NGS systems lead to complications in mapping and 
assembling to the reference sequences, especially at constant regions. All 
sequences are not necessarily equally sequenced and processed, and DNA 
regions that are supplemented with GC content are mainly susceptible to low 
coverage. For platforms of NGS with target enrichment or amplification, 
it is possible to introduce amplification bias. Finally, sequencing errors 
essentially exist in all NGS platforms. Longer reads are susceptible to error 
readings, mainly toward the ends. For some third-generation sequencers, 
homopolymers and repetitive sequences, too, are of concern; nevertheless, 
rapid improvement has been made in last few months to resolve these 
problems. To resolve few of these problems, deep sequencing and increase 
of coverage are significant measures. In Table 1, a summary of main 
characteristics of the present NGS platforms has been provided.

8.6 APPLICATIONS

Genomic medicine motivated by the modern development of NGS 
technologies will deeply influence our understanding of the developmental 
stages of the human disease and various phases of clinical practice in the 
future: prognostics, diagnostics, and therapeutics. A rough division of such 
clinical applications can be done according to the distinct target sequences: 
targeted sequencing of exomes (whole or selected) or selected genes that 
are associated with a specific disorder or class of disease, whole-genome 
sequencing, transcriptome sequencing, epigenetic mapping, and microbial 
population sequencing.

8.6.1 Whole-Genome Sequencing

Whole-genome sequencing can be employed for the identification of somatic 
mutations or germline, indels (insertion and deletion), single-nucleotide 
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polymorphisms (SNPs), and copy number variations. Throughout the past 
five years of using NGS, studies of the genomewide association have started 
to provide excellent information of the connection that exists between 
genetics and different disorders (Manolio, 2010). For instance, a similar 
approach has recently facilitated in the identification of new genomic loci 
for vulnerability to Crohn’s disease, a constant draining intestinal disease 
of which there was no proper understanding of pathogenesis (Rioux et al., 
2007). The identification of these innovative loci has greatly increased 
our understanding of the pathophysiology of the syndrome; moreover, it 
has implications for the treatment of the patient (Van Limbergen, Wilson, 
& Satsangi, 2009). Genomewide association studies have also resulted in 
producing data of non-coding sequences associated with the pathogenesis 
of complex human syndromes (Manolio, 2010). Whole-genome sequencing 
now allows the compiling of refined databanks of the full spectrum of 
germline variants deliberating possibilities for genetic diseases and various 
somatic mutations underlying all phases of human cancer (Hoffmann et al., 
2011). Recently, $48 million has been granted by the National Institutes 
of Health which has opened the door to the usage of NGS for analyzing 
the genomes of hundreds and thousands of patients who are suffering from 
more than 6000 rare genetic syndromes, several of which are following 
Mendelian inheritance patterns with mutations that involve a single gene.

Figure 74. A typical schematic of whole-genome sequencing

[Source: http://knowgenetics.org/whole-genome-sequencing/]

It is imperative to note that as research on human genomics has been 
developing into the whole-genome sequencing epoch by utilizing NGS, it is 
imperious to first identify and afterward document the genetic discrepancies 
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which occur across human populations to make sure that diverse ancestry is 
included in our genomic studies in order to curtail the healthcare disparities 
that are introduced by genetics community (Need & Goldstein, 2009). 
Besides human studies, NGS has also been employed for studying genetic 
population structures and diversities of endangered species of animals. 
Moreover, it also has substantial applications in the plant as well (Miller et 
al., 2011; 2012; Zalapa et al., 2012).

8.6.2 Targeted Sequencing

At present, NGS has enabled several forms of clinical diagnostic testing 
through targeting selected genes or gene exons to facilitate specific clinical 
needs. Numerous human syndromes arise due to dysfunctions in one of 
many causative genes. Mutations in genes that are involved in the similar 
signaling or metabolic pathways may lead to similar disease phenotypes. In 
contrast, different mutations that involve the same gene can carry subtle to 
significantly different clinical manifestation of the syndrome, and several 
syndromes may contain overlapping mutation profiles. For instance, 
genetic erythrocyte syndromes can involve any of the 27 genes that are 
associated with the red cell enzyme deficiency, red cell membrane structure, 
and hemoglobin metabolism (Mohandas & Gallagher, 2008; Hershberger 
& Siegfried, 2011; Kingsmore et al., 2011). Phenotypic overlap between 
numerous involved genes needs an accurate diagnosis of these disorders 
by identifying the corresponding gene mutations (Hu et al., 2009; Jones et 
al., 2011; Schraders et al., 2011; Tsurusaki et al., 2011). Certainly, several 
medical centers have started to offer the facility of clinical mutation analysis 
through NGS. Few examples include X-linked congenital syndromes, 
extensive panels for detecting mutations in one of the 10–30 genes for 
cardiomyopathy diagnosis, comprehensive mutation detection in 24 genes 
that have been identified to give rise to congenital disorders of glycosylation, 
and several other autosomal disorders (Doi et al., 2011; Artuso et al., 2012; 
Guergueltcheva, et al., 2012).

For identification of mutations, whole-exome capture, as well as 
sequencing by NGS, has been effectively applied by employing several 
tissue sources (Choi et al., 2009; 2011; Bowne et al., 2011; Scholl et al., 
2012). Given the extent of the burden of the carrier in human population 
and progressively increasing the availability of economic NGS platforms, 
targeted screening of carrier is also now possible in clinical practice for 
reducing the incidence and pain in severe receding childhood disorders 
(Bell et al., 2011). The significance of analysis of targeted gene mutation 
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panel for oncology is increasing as it is becoming more economical for 
cancer diagnosis, precision therapy, and prognosis. Presently, numerous 
popular medical centers in the United States are authenticating such cancer 
sequencing panels through NGS.

8.6.3 Epigenetic Applications

Epigenetic applications of NGS might contain platforms such as histone 
modification and CHIP-seq-protein-DNA binding (Park, 2009). Technology 
such as this has been recently employed to plot the methylome of the 
diploid human genome (Fouse, Nagarajan, & Costello, 2010). Epigenetic 
applications of NGS are starting to deliver essential insights into human 
diseases and biology. For instance, the discovery of extensive allele-
particular epigenetic variation in the human genome will probably play 
a part in our understanding of some general diseases having a complex 
genetic background (Ku, Naidoo, Wu, & Soong, 2011; Kobayashi et al., 
2012; Meaburn & Schulz, 2012).

8.6.4 Transcriptome Analysis

Targeted RNA sequencing (RNA-Seq) has proved to be an effective and 
economical method for the analysis of particular subsets of transcriptome at 
the same time for structural alteration, mutation, and expression (Gibbons 
et al., 2009; Hittinger, Johnston, Tossberg, & Rokas, 2010). This technique 
has been applied by a combination of next-generation sequencing and 
hybridization capture of cDNAs. NGS technologies having suitable assembly 
algorithms have aided the reconstruction of the complete transcriptome 
when a reference genome is not present (Martin & Wang, 2011). Similarly, 
targeted RNA sequencing is a dominant tool appropriate for an extensive 
range of large-scale tumor-profiling studies for the identification of sequence 
variations as well as innovative fusion gene products (Levin et al., 2009).

8.6.5 Microbial Population Analysis

NGS is perfectly suitable for whole bacterial, viral, and yeast genome 
sequencing due to its high output, a suitable size of most microbial genomes, 
and depth of sequencing. Presently, a large quantity of NGS data have 
become accessible that will help us greatly in increasing our understanding 
of interactions of host pathogen with the discovery of new splice variants, 
transcripts, regulatory elements, mutations, and epigenetic controls 
(Tripathy & Jiang, 2012). For instance, NGS was applied successfully for 
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characterization of the genome of the enterohemorrhagic E. coli O104: H4 
outbreak (Mellmann et al., 2011). The capability to perform whole-genome 
comparisons has allowed us further to link phenotypic variations between 
closely linked organisms and their core genetic mechanisms and hence has 
enabled us to achieve a better understanding of the evolution of pathogen 
(Hu, Xie, Lo, Starkenburg, & Chain, 2011). NGS techniques have led us 
to a different field of study known as “metagenomics.” Now, detection of 
numerous unanticipated disease-related viruses as well as emerging new 
human viruses is possible, such as cancer-related ones (Barzon, Lavezzo, 
Militello, Toppo, & Pal , 2011; Capobianchi, Giombini, & Rozera, 2013). 
Few other applications include HPV typing owing to its high detection 
sensitivity and its wide-ranging spectrum coverage of HPV subtypes, types, 
and variants (Barzon, Militello, Lavezzo, Franchin, Peta, Squarzon, & Palù, 
2011).

8.7 LIMITATIONS OF NGS IN CLINICAL PRACTICE

Various technical limitations of NGS in genomic medicine or genomic studies 
have already been described in the previous sections. To pay an emphasis 
on the clinical sides of NGS application in medicine, the below mentioned 
are significant perplexing factors that will probably be the subjects of many 
upcoming discussions:

•	 Quality assurance/quality control programs are difficult 
prospective programs for standardization from the preliminary 
technical operation to clinical validation;

•	 Data storage and management (examination, management, and 
instrumentation for storage of data) need electronic devices 
having exceptionally high capacity;

•	 Intimidating challenges during the analysis of sequence data 
intended for clinical interpretation (e.g., formerly unknown 
genetic variants) are significant issues which need to be tackled;

•	 Reporting difficult results might be exceptionally challenging 
concerning clinical implication in the diagnosis of any disease, 
its prognosis, and managing precision therapy;

•	 Incidental findings having important biomedical consequences 
may pose ethical duties for pathologists (duty to report);

•	 Infringement of patent might affect laboratories that are reporting 
genes or using NGS or DNA sequences under patent protection;
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•	 Adequate reimbursement of NGS will require the commercial 
laboratories, academic institutions, and governing agencies to 
develop consensus facilities, and fee codes (such as CPT codes) 
in partnership with service providers, clinicians, and insurance 
industry.

8.8 CURRENT TRENDS

Challenging Moore’s law in the computer business, NGS has been rather 
outclassing its previous forecast of doubling affordability and technical 
improvement every two years. The exponential development of speed and 
the associated astronomical decline in prices are rapidly driving NGS from 
the research arena to the bedside of patients. NGS will principally impact all 
aspects of clinical care matters allowing numerous diagnostic tests that have 
never been thought possible before. In the coming years, we will probably 
witness the arrival of NGS platforms that will be accurate, versatile, affordable, 
as well as portable for clinical use. Still, a substantial obstacle in the clinical 
application of NGS is bioinformatics analyzation of the sequencing data. 
Data mining into several databases is needed for sequence variant annotation 
(e.g., HGMD/Biobase, locus-specific database, SeattleSeq, OMIM, and 
1000 Genome program); moreover, functional prediction programs such as 
SIFT and PolyPhen are necessary for clinical and biological interpretation 
of unusual or new sequence variants. As we have been transitioning from 
the analysis of single gene in the past, to analysis of multigene panel, to 
complete exome sequencing, and soon, in the future, to the whole-genome 
approach, the complexity of the bioinformatics and technology has increased 
drastically; moreover, their clinical applications have turned out to be far 
more challenging than previously supposed. Progress from base pairs of 
DNA of the human genome to the bedside of patients will remain dependent 
on novel technologies such as genomic bioinformatics sciences, NGS, wide-
scale collective exertions, and a multidisciplinary team approach including 
hospitals, academic institutions, industries, and government agencies.
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