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Abstract
The chemical industry plays a fundamental role in sustaining the world economy and underpinning
future technologies and scientific advances in new materials, less toxic products, renewable energy
sources, environmental protection, industrial processes with energy efficiency and renewable raw
materials. Green Chemistry (GC) or Sustainable Chemistry aims, under greater societal expectations,
for a sustainable global future of the planet Earth, for the design of chemical products that eliminate
the use of hazardous substances for man and the environment. In this respect Green Chemistry fields
initiated in the 1990s are rapidly developing technological innovations providing the most
environmentally suitable solutions for a sustainable development of future science and technology.
GC offers enhanced chemical process economics, concomitant with a reduced environmental burden.
GC can be applied to design environmentally benign synthetic protocols, to produce life-saving
medicines, environmentally friendly agrochemicals, new enzymes for biocatalytic chemical processes,
innovative renewable energy sources, energy efficiency in chemical reactions, and innovative
materials while minimizing environmental impact.

Directed evolution produced by biotechnological methods a great array of enzymatic catalysts that are
extremely efficient to catalyze chemical reactions of industrial and fine chemicals. The ―bionic leaf‖
method achieved the splitting of water by sunlight, the production of hydrogen and with the help of
bacteria the formation of isopropanol as biofuel. Biocatalysts employed on large scale in the
pharmaceutical synthesis delivering low cost and high quality intermediates and drugs. Biodegradable
polymers and polymers from carbon dioxide have been advanced by many chemical companies.
Organic photovoltaic solar cells have been developed for low-energy-production photovoltaic
solutions providινγ electricity at a lower cost than first- and second-generation solar technologies. The
use of ―green‖ solvents and industrial reactions in water have been applied in the last decade to
numerous industrial processes. Vegetable oils have been used in numerous applications, including
oil-based paints. The replacement of oil with biomass as raw material for fuel and chemical production
is an interesting option for the development of biorefinery complexes. Green Chemistry envisaged
technological interventions for traditional farming practices that will reduce environmental pollution
and increased yields of many crops. There is intensive research on renewable energy sources for
sustainable storage technologies (batteries). This review contains and presents selected research
papers and projects on innovative green chemistry and green engineering which are aiming to a
sustainable future for science and technology and innovative chemical products.
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1.

Introduction: Global Environmental Challenges,
Chemistry and Sustainable Development

Green

Trends and rapid developments of the global economic and technological growth in the
20th century, forced scientists and technologists to realize that further development of human
civilization and the fulfillment of socio-economic needs of the present generation will be only
possible if the natural resources are properly managed and the relationship between
economic growth and caring for the environment of the present and future generations is
consciously maintained.
Ten years after the 1972 United Nations Conference on the Human Environment
(Stockholm), most of the global environmental challenges had clearly not been adequately
addressed. Particularly, the problems poverty in developing and Third World countries
through more productive and industrialized economies, the global and local environmental
pollution, and the non-sustainable use of natural resources. Environmental pollution threats,
ranging from atmospheric pollution in cities, municipal solid waste, acid rain, deforestation
and desertification, the reduction of ozone layer and signs of climate change were
overlooked. The idea of sustainable eco-development was presented for the first time in
1987 in the report of the World Commission on Environment and Development of the United
Nations.1
In the report, it was stated that the further development of human civilization and the
fulfillment of socio-economic needs of the present generation will be only possible if the
natural resources are properly managed and the relationship between economic growth and
caring for the environment of the present and future generations is consciously maintained,
while the long-term effects of industrial activities are also considered. The global chemical
industry plays a fundamental role in important scientific and technological fields associated
with the future of sustainable development in developed and developing countries. From the
beginning, the leaders of the major chemical industries participated in the debate on the
actions and changes needed to achieve goals of Sustainable Development and identified
their share of responsibility towards these goals. Chemists and engineers are embracing
sustainability challenges in order to minimize potential environmental and health implications
of their technologies. The American Chemical Society (ACS) in the 1990s promoted
sustainability, green chemistry, and green engineering, combined with incentives for the
adoption of sustainable technologies and new regulatory strategies.2,3
The term Green Chemistry (or Sustainable Chemistry) was coined by Paul Anastas in
1991 within the framework of the U.S. Environmental Protection Agency (EPA) program. As
a result, the comprehensive US Green Chemistry Program was established in 1993 which
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involved the cooperation among many governmental agencies and research institutions,
international scientific cooperation as well as worldwide activities in the field of education
and information dissemination.4-8
The European chemical industry published its first sustainability report (2012), outlining
the sector‘s vision to play a key role in global sustainable development. The chemical
industry strives to be sustainable in terms of its operations and to be a key enabler of a
sustainable society by implementing environmentally friendly science and technologies,
natural resource efficiency, and safe chemical products for chemical workers and
consumers. 9

Figure 1. Various books have been published on the subject of Green Chemistry and
Sustainable Development. Marteel-Parrish AE, Abraham MA. Green Chemistry and
Engineering: A Pathway to Sustainability. Wiley-AlChE New York, 2013.

2.

Green Chemistry and Green Engineering Principles
From the beginning Paul Anastas and John Warner emphasized the new principles of

Green Chemistry and the new ―philosophy‖ that has to be followed to achieve the
sustainable eco-development of the chemical industry in the future. The following list of 12
principles outlines an early conception of what would make a greener chemical, process, or
product.10,11
1.

Preventiont is better to prevent waste than to treat or clean up waste after it has

been created.
2. Atom Economy. Synthetic methods should be designed to maximize the incorporation
of all materials used in the process into the final product.
3. Less Hazardous Chemicals. Syntheses wherever practicable, should be designed to
use and generate substances that possess little or no toxicity to human health and the
environment.
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4. Designing Safer Chemicals with desired function while minimizing their toxicity.
5. Safer Solvents and auxiliaries substances (e.g., solvents, separation agents, etc.) for
workers and the environment.
6. Design for Energy Efficiency. Energy requirements of chemical processes should be
recognized for their environmental and economic impacts and should be minimized.
7. Use of Renewable Feedstocks. Raw materials or feedstock should be renewable
rather than depleting.
8.

Reduce

Derivatives.

Unnecessary

derivatization

(blocking

groups,

protection/deprotection, temporary modification, etc) should be minimized or avoided if
possible.
9. Catalysis and new catalytic reagents (enzymes, as selective as possible) are
superior to stoichiometric reagents.
10. Design Products for Degradation. Chemical products should be designed so that at
the end of their function they break down into innocuous degradation products and do not
persist in the environment.
11. Real-time analysis for Pollution Prevention. Analytical methodologies need to be
further developed to allow for real-time, in-process monitoring and control prior to the
formation of hazardous substances.
12. Inherently Safer Chemistry for Accident Prevention. Substances and chemical
process should be chosen to minimize the potential for chemical accidents.

Figure 2. Green Chemistry has established firm ground providing essential design criteria
for the development of efficient chemical syntheses. The 12 principles of GC have been
recognized as fundamental principles for future sustainable chemical industry and
environmental protection.
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2.1. Green Engineering Principles for Sustainable Technology
The 12 Principles of Green Chemistry have been supplemented later with 12 Principles
of Green Engineering which support and promote similar green and eco-friendly aspects of
mechanical engineering, industrial processes in various industries, design features for
recycling in products, energy efficiency and renewable raw materials. The 12 Principles of
Green Engineering have been developed in order to provide a framework for scientists and
engineers to engage in when designing new materials, products, processes, and systems
that are benign to human health and the environment.
1: Designers need to strive to ensure that all material and energy inputs and outputs are
as inherently nonhazardous as possible.
2: It is better to prevent waste than to treat or clean up waste after it is formed.
3: Separation and purification operations should be designed to minimize energy
consumption and materials use.
4. Products, processes, and systems should be designed to maximize mass, energy,
space, and time efficiency.
5: Products, processes, and systems should be "output pulled" rather than "input
pushed" through the use of energy and materials.
6: Embedded entropy and complexity must be viewed as an investment when making
design choices on recycle, reuse, or beneficial disposition.
7: Targeted durability, not immortality, should be a design goal.
8: Design for unnecessary capacity or capability (e.g., "one size fits all") solutions should
be considered a design flaw.
9. Material diversity in multicomponent products should be minimized to promote
disassembly and value retention.
10. Design of products, processes, and systems must include integration and
interconnectivity with available energy and materials flows.
11. Products, processes, and systems should be designed for performance in a
commercial "afterlife".
12. Material and energy inputs should be renewable rather than depleting.
These principles take into account the large scale of industrial processes which are
more complicated than lab-scale syntheses and where cost and economics become a
driving force. Health and safety of workers, environmental impacts are much higher, since
large amounts of solvents, chemicals and waste are involved.
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3.

Fields of Green
Developments

Chemistry

with

New

Technological

In the last decade Green Chemistry and Green Engineering have advanced for a great
variety of research and technology fields providing cutting-edge research and practical
applications for a wide spectrum of chemical products and technological innovations. The
most important research and technological fields of GC and GE include solutions. Among
other things, reduction of global warming and use of CO2 as a raw material for chemical
synthesis, microwave, electrochemical and ultrasound synthetic methods, solvent free
reactions (or water as a solvent), phytoremediation, waste management and wastewater,
eco-friendly dyes and pigments, innovative food products, catalysis and biocatalysis,
biopolymer technology, renewable materials, renewable energy sources, etc.
Although there are many fields of innovation for GC and GE products we list below
some of the basic.15-17
a.

Biocatalysis and biotransformations processes for practical synthetic reactions

b.

Directed evolution. New enzymes for organic synthesis

c.

Green chemistry and synthetic processes in the pharmaceutical industry

d.

Hydrogen production via catalytic splitting of water

e.

Green and renewable energy sources

f.

Green chemistry and agricultural technologies benign to environment

g.

Green chemistry. Multicomponent reactions

h.

Green flow chemistry and continuous processes in chemical industry

i.

Green chemistry and biodegradable polymers

j.

Green chemistry and organic solar cells

k.

Solvent and solvent selection in industrial synthesis
Except for the above, there are also numerous other technological; fields of Green

Chemistry and Green Engineering that have been advanced in the last years. Already, some
these innovative inventions have been applied and improved sustainability, reduced
environmental pollution and released less hazardous chemical products.18-20

4.

‘Directed Evolution’, Green Chemistry and Biocatalysis
In 2016 the biochemical engineer Frances Arnold (CALTECH) received the Millennium

Technology Prize (1 million Euros, awarded by Technology Academy Finland, Helsinki ) in
recognition of her discoveries and research on the field of ‗directed evolution‘, which
mimics natural evolution to create new and better proteins (enzymes for biocatalysis) in the
6

laboratory. This technology have solved many important synthetic industrial problems, often
replacing less efficient synthetic methods and sometimes harmful technologies. Thanks to
directed evolution, sustainable development and clean technology (biocatalysis) become
available in many fields of chemical industry.21,22
The Millennium Technology Prize is one of the world‘s most prestigious science and
technology prizes. Professor Arnold is the first woman to win the award, underscoring her
status as a strong role model for women working in technology. Past winners were World
Wide Web creator Sir Tim Berners-Lee, inventor of bright blue and white LEDs Shuji
Nakamura and ethical stem cell pioneer Shinya Yamanaka. In 2012, US President Barack
Obama awarded Prof. Frances Arnold the National Medal of Technology and Innovation,
established by the US Congress in 1980. Arnold‘s scientific work has been recognized by
many awards, including the 2011Draper Prize and a 2013 National Medal of Technology and
Innovation. She was elected to the American Academy of Arts and Sciences in 2011. Arnold
has the rare honor of being elected to all three National Academies in the USA.23.

Figure 3. The Millennium Technology Prize (Helsinki, Finland) was awarded to Professor
Frances Arnold (CalTech) for her innovative research on directed evolution. This prestigious
award is presented to a well known scientist whose research was innovative and contributed
to the welfare of the society.
Frances Arnold, (Professor of chemical engineering at California Institute of
Technology) advanced many years ago the ‗directed evolution’ method for the production
of new proteins in the laboratory with desired properties that can be used for biocatalytic
reactions. This technology used the power of biology and evolution to solve many important
catalytic problems. Thanks to directed evolution, sustainable development and clean
technology become available in many areas of industry that no longer have to rely on nonrenewable raw materials. Arnold‘s method generated random mutations in the DNA – just as
it happens in nature. The modified genes produce proteins with new properties, from which
the researcher can choose the useful ones, repeating the process until the level of
7

performance needed by industry is achieved. Directed evolution can produce enzymes that
are used in industries that utilize biotechnology. It has been adopted in areas of Green
Chemistry and renewable energy. For example, directed evolution is used to improve
enzymes that convert cellulose or other plant sugars to biofuels and chemicals. The
facilitation of a green chemical industry, based on renewable raw materials and
biotechnology, has in fact been one of Arnold‘s greatest goals. 24-26

4.1. Enzymes Can be Tailored by Directed Evolution for Optimal Performance
The most attractive technological achievement of directed evolution is the
engineering of tailored (rational design) industrial enzymes for biocatalysis. In the last
decade the scientific literature is full of innovative examples. For example, CalTech
laboratory developed produced an efficient para-nitrobenzyl esterase over six generations of
random point mutagenesis and recombination. The best clones identified after four
generations of sequential random mutagenesis and two generations of random
recombination displayed more than 150 times the p-nitrobenzyl esterase activity of wild type.
The accumulation of multiple mutations by ―directed evolution‖ allowed significant
improvement of the biocatalyst for reactions on substrates.

27

These innovations have

revolutionized the slow and costly process of protein modification. Directed evolution is used
in hundreds of laboratories and companies around the world. Modified proteins are used to
replace processes in the production of fuels, paper products, pharmaceuticals, textiles and
agricultural chemicals.28,29

Figure 4. Directed evolution for protein modification to catalyze industrial reactions. Diversity
is mimicked by inducing mutations in the gene encoding a specific protein. The best
performers are selected and used as the parental types for a new round of evolution. The
process is repeated as many times as necessary until a biocatalyst is obtained that exhibits
the desired traits [http://www.miguelalcaldelab.eu/].
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The cytochrome P450 (CYPs) constitutes the major enzyme family capable of
catalyzing xenobiotic metabolism, the oxidative biotransformation of most drugs and other
lipophilic xenobiotics and are therefore of particular relevance for clinical pharmacology .
Discovering enzymes for catalyzing new reactions is important to chemical industry but
highly challenging to laboratory experimentalists. Scientists investigated if Cytochrome P450
enzymes can be engineered by directed evolution to catalyze industrial synthetic reactions.
However, desirable transformations are not easy to achieve. Recent scientific research has
revealed that P450-derived enzymes can also catalyze useful reactions previously
accessible only to synthetic chemistry. The evolution and engineering of these enzymes
provides an excellent case study for how to genetically encode new chemistry and expand
biology's reaction space.30 Directed evolution achieved to convert these promiscuous
generalist enzymes into specialists capable of mediating reactions of industrial interest with
exquisite regio- and stereo- selectivity. Progress has been made by altering properties of
biocatalysts P450s (substrate range, cofactor preference and stability) with emphasis in
industrial applications.31
This methodology has been helped by many advances in DNA technologies,
metagenomics, and bioinformatics that have enabled the use of biological systems (i.e.,
enzymes, metabolic pathways, and cells) for chemical synthesis and production of chemicals
from renewable resources (such as sugars). There are many examples of enzyme and
metabolic engineering for the synthesis of organic molecules with high efficiency and
selectivity.32

Figure 5. Directed evolution Books. Reetz MT. Directed Evolution of Selective Enzymes.
Catalysts for Organic Chemistry and Biotechnology. Wiley-VCH, Berlin, 2016. Arnold FH,
Georgiou G (Eds). Directed Enzyme Evolution. Screening and Selection Methods. Humana
Press, Totowa, NJ, 2003.
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5.

The ‘Bionic Leaf’. Sunlight Splits Water and Bacteria Produce
from Hydrogen Liquid Fuels
Hydrogen generated from solar-driven water-splitting has the potential to be a clean,

sustainable and abundant energy source. Inspired by natural photosynthesis, artificial solar
water-splitting devices are now being designed and tested for efficiency. Although sunlightdriven water splitting is a promising process to sustainable hydrogen (H 2) production as fuel,
widespread implementation is hampered by the expense of the photovoltaic and
photoelectrochemical apparatus. Various catalysts and integrated systems have been used
for the production of hydrogen from water.33,34 International teams of researchers have
succeeded to increase the efficiency for direct solar water splitting with a tandem solar cell
whose surfaces have been selectively modified with as new record of 14% efficiency.35
At present there is in use of new generation of hydrogen fuel cell vehicles with zero
emissions. The H2 car runs on compressed hydrogen fed into a fuel cell "stack" that
produces electricity to power the vehicle. A fuel cell can be used in combination with an
electric motor to drive a vehicle – quietly, powerfully and cleanly. Great attention has been
focused on hydrogen as a potential energy vector and on the use of water-splitting
technology as a clean and renewable means to generate hydrogen using solar energy.
Numerous attempts have been made to develop photo-catalysts that work not only under UV
light but also under visible-light illumination to efficiently utilize solar energy. Some potential
sources of hydrogen are electrical, thermal, biochemical, photonic, electro-thermal, photothermal, photo-electric, photo-biochemical, and thermal-biochemical. Such forms of energy
can be derived from renewable sources, and from energy recovery processes for hydrogen
production purposes.36,37

5.1. The Idea of the ‘Bionic Leaf 2.0’ for Photochemical Use of Sunlight
In the last decade new research activities introduced the idea of ―bionic leaf‖ for the
efficient splitting of water by photochemical use of sunlight. This research started in the
University of Harvard (Massachusetts, USA) and the goal has always been to harness
sunlight and use it to create liquid fuel rather than electricity that must then be stored in a
battery. The experimental set was designed to use solar power to separate oxygen atoms in
water from hydrogen, which is then converted into isopropyl alcohol by bacteria. But prior
efforts had used a nickel-molybdenum-zinc (NiMoZn) catalyst and the resulting reactive
oxygen species (reactive oxygen species, ROS) would destroy the bacteria‘s DNA.
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Figure 6. Scientists at Harvard University have created an artificial photosynthetic system
(changing the NiMoZn catalyst with a new cobalt-phosphorus alloy catalyst) that uses solar
energy to split water molecules. The produced hydrogen is consumed by bacteria (Ralstonia
eutropha) to produce liquid fuels (isopropanol). The system can convert solar energy to
biomass with 10 % efficiency, far above the 1 % seen in the fastest-growing plants.
The initial research on the ‗bionic leaf‘ was a research idea of chemist Prof. Daniel
Nocera (Patterson Rockwood Professor of Energy at Harvard University). In the second
stage of the research Nocera cooperated with Prof. Pamela Silver (Elliott T. Adams and Onie
H. Adams Professor of Biochemistry and Systems Biology at Harvard Medical School). The
team recently (2016) published a new paper in the journal Science that described their new
breakthrough.

Figure 7. The ‗Bionic Leaf 2.0‘. Ralstonia eutropha bacteria which are used in the ‗Bionic
Leaf 2.0‘ producing fuel (isopropanol) using the H2 produced via catalysts powered by
electric current from a photovoltaic panel. Prof. Daniel Nocera in his research laboratory of
the University of Harvard (MA, USA).
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The paper describes an artificial photosynthetic system (dubbed ‗bionic leaf 2.0‘) that
can store solar energy and chemically reduce CO2. Scientists developed a hybrid watersplitting system with a biocompatible inorganic catalysts (replaced the older NickelMolybdenum-Zinc by a Cobalt-phosphorus alloy catalyst). The new catalyst does not
produce ROS which were damaging the bacteria. The splitting of water produced H2 and O2
at low voltages. The hydrogen in contact with the bacterium Ralstonia eutropha was
consumed to synthesize biomass and fuels products (isopropanol). The scalable system has
a CO2 reduction energy efficiency of ~50% when producing bacteria biomass and liquid
alcohols scrubbing 180 g of CO 2 per kilowatt-hour of electricity. Coupling this hybrid device
to existing photovoltaic systems can yield a CO2 reduction energy efficiency of ~10%,
exceeding that of natural photosynthetic systems.38
According to Prof. Nocera ―….this is a true artificial photosynthesis system which is
well over the efficiency of photosynthesis in nature." While the study shows the system can
be used to generate usable fuels, its potential doesn't end there. The system can now
convert solar energy to biomass with 10% efficiency far above the 1% seen in the fastest
growing plants.

6.

Green Biocatalysis for the Pharmaceutical Industry
Aftrer an initial lag phase the pharmaceutical industry embraced Green Chemistry from

the beginning for economic and prestige purposes with emphasis in greener synthetic
methods, less solvents and environmental protection. In the last decades biocatalysis has
established itself as a scalable and green technology for the production of a broad range of
pharmaceutical compounds and intermediates. Biocatalysts employed on large scale in
pharmaceutical synthesis deliver cost- and quality- advantages to the pharmaceutical
industry. To this respect there are many discoveries of innovative biocatalytic processes
using hydrolases, reductases, transaminases, oxidases etc., which are used for the
preparation of therapeutic agents. A recent review included 25 recent biocatalysis case
studies for pharmaceuticals manufacture. Innovative enzymes used for biocatalysis offered
substantial economic benefits to the pharmaceutical industry.39,40
The biosynthesis in organic synthesis in the pharmaceuticals, flavour and fragrance,
vitamin and fine chemicals industries is not fully expanded yet, so there are more to be done
in the use of new catalytic enzymes in organic synthesis of drugs and other therapeutic
ingredients.41,42 In the past ten years new scientific and technological developments have
advances DNA sequencing and gene synthesis for tailoring biocatalysts by protein
engineering and design, and the ability to reorganize enzymes into new biosynthetic
pathways.43-46
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Figure 8. Green Biocatalysis has advanced in the last decade as the most important and
effective methodology for the preparation of pharmaceuticals and active intermediates.
Patel RN (Ed). Green Biocatalysis. John Wiley & Sons, Chichester, W. Sussex, 2016. Patel
RN (Ed). Biocatalysis in the Pharmaceutical and Biotechnlogy Indiustries. CRC Press, Boca
Raton, Fl.2006.

7.

New Developments in Degradable and Recycled Polymers
The green economy strives to promote sustainability and alternative methods for

reduction of the demand for raw material resources and energy, to minimize wastes, to
prevent environmental pollution and hazards, to reduce greenhouse gas emissions, to
optimize manufacturing processes, and effective recycling of end-of-life products and
wastes. In the first decades of industrial processes the polymer production was using mainly
petroleum raw materials, high energy inputs, and produced non-degradable plastics and
large amounts of waste. In the 1930s, the first industrial process for making polyethylene
(PE) required temperatures above 150°C and very high pressures exceeding 1000 bar.
Catalytic olefin polymerization was discovered during the 1950s with low pressures below 10
bar and at temperatures below 100 °C. 47


The global polymer and plastic material production increased substantially in the last

decade reaching in 2014 the staggering amount of 311 million metric tons. China is the
largest producers with around 25% of the global production and 20% by NASFTA countries
(USA, Canada, Mexico). In Europe, there are 60,000 plastics factories, with direct
employment of 1.45 million people. Today, an average person in developed countries
consumes 100 kg of plastic each year (packaging materials and household items).48,49
During the 1980s, in the aftermath of the first oil crisis in 1973, the energy-efficient
catalytic copolymerization of ethylene for manufacturing linear low-density polyethylene
13

(LLDPE), used in food packaging, became a million ton business. In the last decades the
variety of plastic materials increased substantially and the first biodegradable plastic
products were introduced. Plastic littering problems increased at a fast rate and plastic
pollution of oceans became a serious and emerging issue of environmental pollution. This
was the result from a lack of recycling and illegal dumping of garbage in most developing
countries. The Green chemistry of polymers with degradable products and bio-based
plastics are considered in the right direction for sustainability in the polymer field. 50
In 1997, scientists working for the chemical company Dow formed a joint venture
aiming at converting PolyLactic Acid (PLA) into a commodity plastic which was
biodegradable. The L-lactic acid monomer was produced by fermentation of dextrose from
forage maize or other plant sources for sugar without requiring genetically modified plants.
The PLA was globally marketed in 2003 by the newly formed company NatureWorks under
the trade name IngeoTM. In 2009, NatureWorks established an annual nameplate production
capacity of 140.000 tons of the Ingeo biopolymer. The biodegradable PLA applications
included packaging, durable plastics, and fibers. Like the paper waste PLA does not degrade
in landfills.51,52

Figure 9. Poly(L-lactic acid) from bacteria and by melt polymerization of lactide, prepared
from bio–based L-lactic acid. The polylactic acid polymer is a promising biodegradable
polymer with many plastic products in the market.
There are several promising markets for biodegradable polymers such as polylactide.
Plastic bags for household bio waste, barriers for sanitary products and diapers, planting
cups, disposable cups and plates are some typical applications. Commercial markets for
biodegradable polymers are expected to increase substantially in the coming years. Since
PLA is compostable and derived from sustainable sources, it has been viewed as a
promising material to reduce the societal solid plastic waste disposal problem. Its low toxicity
along with its environmentally benign characteristics, has made PLA an ideal material for
14

food packaging and for other consumer products. Also, due to their excellent biocompatibility
and mechanical properties, PLA and their copolymers are becoming widely used in tissue
engineering for function restoration of impaired tissues. 53-55

Figure 10. The PlantBottle is the new biobased bottle for Coca-cola drinks. It uses ―plantbased material‖, mainly sugar cane to create a necessary ingredient in PET plastic called
monoethylene glycol. The ―oxo-biodegradable‖ plastic contains additive 1-3% (metal salts) to
help the degradation process in the presence of oxygen, light, heat and moisture after use of
the plastic material.
In 2009, the world's largest beverage company Coca-Cola Co introduced the first
generation of recyclable PET bottle (PlantBottleTM) using up to 30% bio-based monomers. In
the new generation of 100% bio-based PlantBottleTM, the terephthalic acid will also be biobased using bio-based p-xylene as an intermediate. In 2011, Coca-Cola Co. announced a
partnership with three biotechnology companies with the aim of producing plastic bottles
made from 100% bio-based materials. Coca-Cola showed off its new bottle at the Expo
Milano (2015) food technology conference as a part of the company's efforts to make its
containers from renewable ingredients. The new recyclable PlantBottleTM (2015) was the first
plastic to be made 100% from sugar cane in Brazil.56,57
Biobased polymers are being tackled by start-up firms and industrial big chemical
companies. Invista and Genomatica announced that they will pursue making nylon
intermediates from sugar. A partnership of BASF, Cargill, and Novozymes has selected a
method to make biobased acrylic acid for superabsorbent polymers. And Coca-Cola,
pleased with progress toward a 100% biobased soda bottle (PlantBottle), has upped its
funding of partner Virent, maker of a key raw material. Invista, the synthetic fibers maker that
was once part of DuPont, plans to make biobased polymers. In May 2014 the company
introduced a new version of its Lycra brand spandex that it touts as being 70% from dextrose
derived from corn.

58,59,60
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The chemical giant BASF developed a compostable polyester film that called
Ecoflex®. BASF produced fully biodegradable bags, Ecovio®, made of this film along with
cassava starch and calcium carbonate. Certified by the Biodegradable Products Institute
(BPI), the bags completely disintegrate into water, CO 2, and biomass in industrial
composting systems. The bags are tear-resistant, waterproof and elastic. They can be used
as conventional plastic bags in the house and will quickly degrade in municipal composting
systems [American Chemical Society, 2016, Examples of Green Chemistry. Biodegradable
plastics,

available

at

https://www.acs.org/content/acs/en/greenchemistry/what-is-green-

chemistry/examples.html ].

7.1. Polymers from Carbon Dioxide
Reducing anthropogenic carbon dioxide (CO2) emission has become an urgent
environmental and climate issue of our age. As a naturally occurring, abundant, inexpensive,
nonflammable, and renewable chemical compound, carbon dioxide (CO2) is an attractive
feedstock for the chemical industry. Carbon dioxide can be recovered on a large scale in
carbon capture of power plants, burning fossil fuels, and in steam-reforming to produce
hydrogen from water and coal. Carbon capture materials will need to be coupled with a
method for releasing the CO2 for further transport and storage or utilization. A number of
processes have been studied for CO 2 recovery.61
In industrially viable processes, carbon dioxide is reacted with energy-rich strained
rings, for example, oxiranes, to produce cyclic carbonates. The nontoxic and biodegradable
cyclic carbonates with their high boiling and flash points are readily produced from oxiranes
such as ethylene oxide and propylene oxide in the presence of tetrabutylammonium
bromide. Applications include their use as green solvents for degreasing oily steel, paint
stripping, and various other cleaning applications.62

Figure 11. Non-isocyanate polyurethanes (NIPU) and polypropylenecarbonates prepared
from cyclic carbonates starting from carbon dioxide (CO2).
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Green Polyurethane™ was the first-ever modified hybrid polyurethane (PU)
manufactured without using hazardous isocyanates at any point in the production process.
Green Polyurethane's™ unique formulation combines the best mechanical properties of
polyurethane and chemical resistance properties of epoxy binders. 63
In the last years many new catalytic mechanism have been developed for the
synthesis of cyclic carbonates. One method used an active bifunctional porphyrin catalyst
showing a high turnover number for the synthesis of cyclic carbonates from CO 2 and
epoxides under solvent-free conditions.64 Another research team reported that the cyclic
amidine hydroiodide effectively catalyzed the reaction of CO 2 and epoxides under mild
conditions such as ordinary pressure and ambient temperature, and the corresponding fivemembered cyclic carbonates were obtained in moderate to high yields. 65
The severity of the future problem of global warming have triggered global efforts to
reduce the concentration of atmospheric carbon dioxide (CO2). Carbon dioxide capture and
storage is considered a crucial strategy for meeting CO 2 emission reduction targets. At
present there are many research projects and various technologies for CO2 capture,
separation, transport, storage, leakage, monitoring, and life cycle analysis. 66
Converting captured CO2 into products such as chemicals, plastics, fuels, building
materials, and other commodities has become an important component of the Office of
Fossil Energy‘s Carbon Capture and Storage program (U.S. Department of Energy) ,
managed by the National Energy Technology Laboratory. This approach could be especially
valuable in reducing carbon emissions in areas of the country where geologic storage of CO 2
is not practical. Research focused on PPC (polypropylene carbonate) polymer production
conducted by Novomer in collaboration with specialty chemical manufacturer Albemarle
Corporation tested scale-up of Novomer‘s novel catalyst technology.67

8.

Green Chemistry and Organic Photovoltaic Solar Cells
Organic photovoltaic (OPV) solar cells aim to provide an Earth-abundant and low-

energy-production photovoltaic solution. This technology has the potential to provide
electricity at a lower cost than first- and second-generation solar technologies. Because
various absorbers can be used to create colored or transparent OPV devices, this
technology is particularly appealing to the building-integrated PV market. Organic
photovoltaics have achieved efficiencies near 11%, but efficiency limitations as well as longterm reliability remain significant barriers. Unlike most inorganic solar cells, OPV cells use
molecular or polymeric absorbers, which results in a localized exciton. The absorber is used
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in conjunction with an electron acceptor, such as a fullerene, which has molecular orbital
energy states that facilitate electron transfer.68
In 2011, the U.S. Dpt of Energy announced $24.5 million to fund the next generation
photovoltaics II projects. This early-stage applied research investment seeks to not only
demonstrate new photovoltaic concepts, but also to train the next generation of graduate
students and post-doctoral fellows who will ultimately lead the development and
commercialization of PV technologies in future years. Current research focuses on
increasing device efficiency and lifetime. Substantial efficiency gains have been achieved
already by improving the absorber material, and research is being done to further optimize
the absorbers and develop an organic multijunction architectures. Improved encapsulation
and alternative contact materials are being investigated to reduce cell degradation and push
cell lifetimes to industry-relevant values. The benefits promised by OPV solar cells include:
Low-cost manufacturing, abundant materials and flexible substrates: The ability to be applied
to flexible substrates permits a wide variety of uses.69
Organic

photovoltaic

solar cells

are

regarded

as low-cost and

potentially

environmentally benign sources of power. π-Conjugated (semiconducting) polymers—the
components of organic solar cells are responsible for absorbing light and transporting
charge—are not typically synthesized in laboratories in ways that are amenable to
manufacturing with low environmental impact. The principles of green chemistry, applied to
the synthesis of conjugated polymers, are identified as important guidelines for the multi-ton
manufacturing of these materials. A general theme in both green chemistry and process
research is that low cost can be correlated to environmental benignity when the costs of
disposing wastes are high.70

Figure 12. Highly-integrated, organic solar photovoltaic (OPV) modules. These new panels
have a P-N diode junction using CuPc and C60 (phthalocyanine and fullerene).
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The use of perovscite solar cells has advanced substantially the efficiency of organic
photovoltaic solar cells. There is already certified energy conversion efficiencies for
perovskite solar cells above 20%. In the last years researchers are exploring other critical
area of solar cells, such as understanding device hysteresis and film growth, as well as the
replacement of lead and the development of tandem cell stacks. Another important and
critical research issue is cell stability.71
Scientists are working with various projects to improve polymer solar cell efficiency
by using tandem structure. A broader part of the spectrum of solar radiation is used and the
thermalization loss of photon energy is minimized. In the past, the lack of high-performance
low-bandgap polymers was the major limiting factor for achieving high-performance tandem
solar cell. As a result of this innovative approach, a single-junction device shows high
external quantum efficiency of >60% and spectral response that extends to 900 nm, with a
power conversion efficiency of 7.9%. The polymer enables a solution processed tandem
solar cell with certified 10.6% power conversion efficiency under standard reporting
conditions.72

9.

Green Solvents, Catalyst-free Reactions and in Water
Environmental protection and worker safety in chemical; and pharmaceutical

manufacture play an increasingly instrumental role in solvent selection. Most companies now
use greener solvents. Also, consumers are starting to turn towards ―greener‖ replacements
to conventional solvents. Selection of the right solvent has always had the power to increase
competitiveness, but environmental benefits and worker/user safety will be the key to
product differentiation and better margins as the industry enters into this era of improved
environmental awareness. Maintaining process compatibility and solvent functionality will
continue to be the top priority when selecting a green solvent replacement, but financial
performance and environmental performance need not be mutually exclusive. Green
solvents currently represent around 10% of the total solvent market. Green solvent
consumption growth through 2014 was assisted by the higher prices of conventional
solvents that began escalating in 2004 as a result of record high feedstock pricing. Despite
current low oil and gas prices, a market forecast showed that green solvents growth to
markedly outpace the conventional solvents market.73,74
During the last decade industrial manufacturing and laboratory synthesis changed into
catalyst-free reactions and later into catalyst-free reactions in-water and on-water. Various
named reactions, multi-component reactions and the synthesis of heterocyclic compounds
are some typical examples. Also, in these reactions alternative energy input systems were
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used, such as microwave and ultrasound irradiation. Synthetic organic chemistry in
academic laboratories and in industry changed drastically in the last years by designing
methodologies for organic synthesis in aqueous media under catalyst-free conditions and in
water.75
Organic solvents with inherent toxicity and high volatility were replaced over the past
two decades by ionic liquids (ILs) that have gained enormous attention from the scientific
community, but their ―greenness‖ is often challenged, due to their poor biodegradability. An
alternative type of solvents, representing green chemistry principles are deep eutectic
solvents (DES). Deep eutectic solvents are defined as a mixture of two or more components,
which may be solid or liquid and that at a particular composition present a high metling point
depression becoming liquids at room temperature. DES can be used for biocatalysis,
electrochemistry and extraction.76
Sanofi is a big international pharmaceutical company. The manufacturing branch has
core strengths in diabetes solutions, human vaccines, innovative drugs, consumer
healthcare, animal health and Genzyme. Recently Sanofi-Aventis Research and
Developments, Sanofi Chemie Industriepark and Sanofi Pasteur published a solvent
selection guide in order to help chemists in the drug industry to select sustainable solvents
that will be accepted in all production sites. Solvents are divided into four classes, from
―recommended‖ to ―banned‖. Each solvent has its own ID card that indicates the overall
ranking hazard, physical properties, cost, and substitution advice. 77

10. Green Chemistry and Oil-Based Paints
Vegetable oils are generally considered to be the most important class of renewable
resources, because of their ready availability and numerous application, including oil-based
paints. Recently, a variety of vegetable oil-based polymers have been prepared by free
radical, cationic, olefin metathesis, and condensation polymerization. The polymers obtained
display a wide range of thermophysical and mechanical properties from soft and flexible
rubbers to hard and rigid plastics, which show promise as alternatives to petroleum-based
plastics and oil paints.78
The chemical industry treats vegetable oils as one of the most important renewable
platform chemicals due to their universal availability, inherent biodegradability, low price, and
superb environmental credentials (i.e., low toxicity and ecotoxicity). These natural properties
are now being taken advantage of in research and development, with vegetable oil derived
polymers and composites being used in numerous applications including paints and
coatings, adhesives, and biomedicine. 79 A recent review described the importance of
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Vegetable oils (VO) as raw materials for the production of materials such as alkyds,
polyesteramides, polyetheramides, polyurethanes, epoxies, polyols, and their applications as
protective coatings.80
Oil-based "alkyd" paints give off large amounts of volatile organic compounds (VOCs).
These volatile compounds evaporate from the paint as it dries and cures and many have one
or more environmental impacts. Procter & Gamble and Cook Composites and Polymers
created a mixture of soya oil and sugar that replaces fossil-fuel-derived paint resins and
solvents, cutting hazardous volatiles by 50 %. Chempol® MPS paint formulations use these
biobased Sefose® oils to replace petroleum-based solvents and create paint that is safer to
use and produces less toxic waste. Chempol® MPS is an innovative, Sefose(R)-based alkyd
resin technology that enables formulation of paints and coatings with less than 50% of
VOC's, of traditional, solvent-borne alkyd coatings. The "Presidential Green Chemistry
Challenge Award for Designing Greener Chemicals" for 2009 was awarded in the P&G
Company for the formulation and manufacture of Chempol MPS technology, which was
collaboratively developed and commercialized. 81

11. Green and Renewable Energy Sources
Governments and scientific communities throughout the Earth recognize that the
availability of fossil fuels (petroleum, coal, natural gas) will eventually dwindle, becoming too
expensive or too environmentally damaging. In contrast, the many types of renewable
energy resources-such as wind, solar, geothermal, hydroelectric, biomass, and ocean
energy-are constantly replenished and will never run out. It is hoped that future sustainable
development and increasing the supply of renewable energy at global scale will replace
carbon-intensive energy sources and significantly reduce global warming emissions. It is
obvious that the practice of Green Chemistry and Green Engineering not only leads to a
cleaner and more sustainable earth, but also is economically beneficial with many positive
social impacts, especially in the acceptance and application of renewable energy resources.
These benefits encourage businesses and governments to support the development of
sustainable energy processes. In the last decade there are many examples of green
chemistry accomplishments in the fields of renewable energy (biomass, biorefineries).82-85
The replacement of oil with biomass as raw material for fuel and chemical production
is an interesting option for the development of biorefinery complexes. In biorefinery, almost
all the types of biomass feedstocks can be converted to different classes of biofuels and
biochemicals through jointly applied conversion technologies. This technological change
needs an integration of Green Chemistry into biorefineries, and the use of low environmental
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impact technologies, future sustainable production chains of biofuels and high value
chemicals from biomass.86,87

Figure 13. Biofuels present an immediate means of reducing the environmental impact of
vehicle emissions, particularly heavy vehicles (like buses, trucks, etc), as the global trend is
to continue the transition to an electric vehicle future.
Biomass (especially woody biomass, forest residues, agricultural residues and
energy crops) is by far the most widely used raw material for the production of renewable
energy fuels. Woody biomass is preferred material in thermochemical processes due to its
low ash content and high quality bio-oil produced. Thermal conversion by fast pyrolysis
converts up to 75% of the starting material into renewable biofuel suitable for transportation.
Formulation or blending of various feedstocks, combined with thermal and/or chemical
pretreatment, could facilitate a consistent, high-volume, lower-cost biomass supply to an
emerging biofuels industry. A recent review summarized the results of numerous research
papers that have been published in the last decade projecting the current state of knowledge
regarding the effect of feedstock and pretreatments on the yield, product distribution, and
upgradability of bio-oil.88
Science has advanced substantially in the last years for the third-generation biofuels
(low input-high yielding feedstock), specifically the biofuels that are derived from microalgae
and which are considered to be viable renewable energy resources. The third generation is
devoid of the major drawbacks associated with first-generation biofuels (mainly terrestrial
crops, e.g. sugarcane, sugar beet, maize and rapeseed) and second-generation biofuels
(derived from lignocellulosic energy crops and agricultural and forest biomass residues).
Industrial experience in the production of biofuels showed the importance of integrating
biofuels production with the production of high-value biomass fractions in a biorefinery
concept. The sustainability of these renewable resources can be achieved through the
synergistic coupling of microalgae propagation techniques with CO 2 sequestration and
bioremediation of wastewater treatment.89
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12. Green Chemistry and Innovative Agricultural Technologies
From the 1990s Green Chemistry envisaged technological interventions and
applications for traditional farming practices that will reduce environmental pollution
(pesticides, fertilizers, intensification of agricultural soil use, excessive water use, etc) and
increase the sustainability of agricultural methods. Most scientists agree that Green
Chemistry alternatives are vital to sustainably producing agricultural goods without continued
dependence on toxic chemicals and technologies that cause occupational hazards to
farmers and pollute important environmental resources (soil erosion, water sources,
ecosystems). Already, promising scientific and technological practices have been applied to
agriculture, new less toxic pesticides and biopesticides (derived from plant or microbes) are
in use. At the same time a great variety of innovative green technologies, such as protecting
soil from erosion, conservation of biodiversity, climate change adjustments, water
management of irrigation, and intensive research of green techniques for biomass
transformation into fuels and platform chemicals are promoted in the last decade in many
countriers. 90,91,92
Agricultural sustainability and innovative green practices are essential to address
environmental problems in a world that must soon support and feed more than 7 billion
humans. Despite the progress achieved in the last decades there are more than 2 billion
malnourished poor in Third World countries who need short-term food security and live in
areas with problems of soil erosion, lack of water resources and agricultural land scarcity
because of intensification.93,94

Figure 13. Green chemistry and Green engineering innovations are needed to transform the
sustainability of agricultural practices. Nelson WM (Ed). Agricultural Applications in Green
Chemistry. ACS Symposium Series, Oxford University Press, Oxford, 2004.
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The initial ―Green Revolution‖ (GR) in developing countries in the 1960s and 1970s
(India, Pakistan, Philippinesd, Brazil, Mexico, etc) was credited with saving over a billion
people from starvation. The GR produced an intensification of agriculture with the
development of high-yielding varieties of cereal and rice grains, expansion of irrigation
infrastructure, modernization of management techniques, distribution of hybridized seeds,
synthetic fertilizers, and pesticides to farmers. The spread of Green Revolution in agriculture
affected both agricultural and wild life biodiversity, increased environmental pollution, caused
water management problems and other negative effects (agricultural soil scarcity ).95,96
Heavy reliance on use of nitrogen fertilizer to support high yields is perhaps the
Achilles heel of modern crop production. However, its misuse has negative impacts on water
quality (nitrogen pollution) and climate through emissions of nitrous oxide (N2O). Of
particular note is that the potential improvements will be achieved equally from increased
efficiency of fertilizer production and from its more efficient on-farm use.97,98 Unlike chemical
fertilizers, biofertilizer technology (advanced by Green chemistry technologies) is based on
renewable resources of energy and does not contribute to environmental pollution. As a lowcost green technology it is most suitable for developing nations where labour is inexpensive.
Various micro-organisms and associations with plants which are involved in biofertilizer
production as well as their usage on the farm are considered as advantageous. Research
showed benefits to small farmers who used these biofertilizers in India. In addition to
nitrogen, phosphorus also plays a vital role in plant growth and metabolism. Micro-organisms
responsible for phosphate dissolution occur in intimate symbiotic association with plant roots
and function as the liaison between the plant and the surrounding soil. Future innovative
biofertilizers will probably contain a blend of nitrogen-fixing and phosphate-mobilizing microorganisms.99
Conventional over-fertilization in green leafy vegetables has promoted the need for
alternative nitrogen management practices. Recently, a novel slow-release fertilizer, coated
with inorganic minerals was developed. A relatively smooth surface, coating layer of the
newly developed fertilizer stacked by bonded multi-layer of polyaryl polymethylene
isocyanate was formed by tightly arraying solid phosphate rock powder granules. After
immersing the fertilizer in water, there was about 13% nitrogen released after 24 h and 30%
of nitrogen released in 7 days.100

13. Greener Electrochemical Storage Systems.
In the last decade scientists investigating renewable energy sources realized that
greener and more sustainable storage technologies (batteries) are needed. It was therefore
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essential for researchers to incorporate material abundance, eco-efficient synthetic
processes and life-cycle analysis into the design of new electrochemical storage systems. At
present, a few innovative existing technologies address these issues, but fundamental
technological hurdles remain to be overcome. Here we provide an overview of the current
state of energy storage from a sustainability perspective. A recent review highlighted the
current and future electrochemical storage systems beyond lithium-ion batteries, their
complexity and importance of recycling battery materials from a sustainability perspective. 101
Sodium ion batteries (NIBs) based on intercalation materials that employ non-aqueous
electrolytes—akin to lithium ion batteries—were first explored in the mid-1980s. They have
undergone a renaissance in the last few years because they hey offer a higher energy
density than aqueous batteries and lower cost than Li ion batteries, The sodium ion batteries
offer sustainability and cost-effectiveness and are considered as a green alternative for
storage of energy.102 recycling battery materials is also discussed.
The innovative material Graphene (which was isolated in 2004) has become one of
the hottest topics in the field of materials science for its highly appealing properties. Among
the many affected areas of materials science, this 'graphene fever' has influenced
particularly the world of electrochemical energy-storage devices. But despite widespread
initial enthusiasm from many scientists for the role of graphene as material for energy
storage there is no any advances in the field. In recent years research was performed on the
applications of graphene (as an active material and as an inactive component) in lithium-ion
batteries and electrochemical capacitors. Also, grapheme materials were used in emerging
technologies such as metal–air and magnesium-ion batteries.103

Figure 14. Graphene is an atomic-scale honeycomb lattice made of carbon atoms
fascinating physicochemical properties. Graphene is emerging as one of the most promising
nanomaterials which opens a way for its exploitation in a wide spectrum of applications
ranging from electronics to optics, sensors, and biodevices.
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The scientific core efforts in the last decade, following green chemistry principles,
were to improve the ability for efficient conversion, storage, transport and access to
renewable energy. Also, research efforts focused on using Earth-abundant and nontoxic
compounds so that whatever developments were made will not create new environmental
problems. Although insertion electrode materials for Li(Na)-ion batteries met initially these
requirements, scientists advanced their research into many different areas and reengineered for extension to larger-scale applications.104

14. Green Chemistry and Green Engineering for Sustainability
Green Chemistry and Green Engineering are gaining substantial importance in the
chemical and pharmaceutical industries and for new technological developments in a great
variety of industries. This is the result of their sustainable nature, energy efficiency, reliance
on renewable raw materials, less toxic chemicals and consumer products and lower cost.
New green products and consumer items have establish many practical applications in
everyday life in recognition of the previous states of environmental pollution by solid
municipal waste. All these green-technology ventures are increasingly gaining importance
in the face of global environmental degradation in many parts of the Earth and the
increasing population.
Scientists and technologists recognize that the rapid industrialization of the past
decades has led to widespread global warming, air pollution, depleting natural resources,
greenhouse gas emissions, soil erosion, water pollution, and negative impact on sensitive
ecosystems. The legislation of a great number of political and environmental initiatives in
developed countries in the last decades, encouraged the development of environmentally
friendly programmes and green technologies in every aspect of industry. On top of these
programmes Green Chemistry and Green Engineering initiated innovative ideas to overturn
serious environmental problems, to provide safer products. The most important sectors of
the chemical industry, pharmaceuticals, polymers, food and consumer products increased
their participation and invested in green technologies. Already there are many examples of
successful ventures and products. 105
Access to affordable and reliable energy sources (coal, petroleum, gas) has been a
cornerstone of the world's increasing prosperity and economic growth since the beginning of
the industrial revolution. But in 21st century with the problems of environmental pollution and
climate change, scientists realized that our use of energy in the twenty must be sustainable
and from renewable sources. Solar, air, wave and water–based energy generation, and
engineering of microbes to produce biofuels are a few examples of the alternatives. Green
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engineering solutions are the future opportunities and pathways that could lead to a
prosperous, sustainable and secure energy future on a global scale.106

Figure 15. Green Chemistry and Green Engineering introduce innovative industrial
processes that aim to produce sustainable chemicals and products. Clark J, McQuarrie D
(Eds). Handbook of Green Chemistry and Technology. Blackwell Science Publishing,
Oxford, 2002 and 2014.
For several years in the last decades, the importance of the management of Green
Chemistry and Green Engineering innovations and applications has been growing, both in
the industrial institutions and in the academic research laboratories. Although major
engineering disciplines already dedicate significant research to Green and sustainable
solutions there are more to be achieved in ―Green‖ management disciplines. 107
The challenge for future generations of chemists, chemical engineers and
environmental specialists is to develop and master the technical tools and approaches that
will integrate environmental objectives into design decision in the modern chemical industry.
This review presents a selection of the most important innovative developments in green
chemistry and green engineering fields in the last five years after researching the scientific
literature and research projects. Also, in the last years there were numerous publications
covering Green Chemistry and Green Engineering fields. 108- 115

27

References
1.

2.
3.
4.
5.
6.
7.
8.
9.

10.
11.
12.

13.

United Nations World Commission on Environment and Development. Our Common
Future (Brundland Commission, Sustainable Development. Our Common Future).
Oxford University Press, October 1987.
National Research Council (USA). Our Common Journey: A Transition Toward
Sustainability, NRC, National Academy Press, Washington, D.C., 1999.
National Research Council. Sustainability in the Chemical Industry, NRC, National
Academy Press, Washington, D.C., 2005.
Anastas PT, Williamson TC. Green Chemistry: Designing Chemistry for the
Environment. American Chemical Society publications, Washington DC, 1996.
Anastas PT, Warner JC. Green Chemistry: Theory and Practice. Oxford University
Press, New York, 1998.
Anastas PT, Williamson TC (Eds). Green Chemistry: Frontiers in Chemical Synthesis
and Processes. Oxford University Press, Oxford, 1998.
EPA. Green Chemistry Program. United States Environmental Protection Agency
(EPA), Office of Pollution Prevention and Toxics. Washington DC, 1999.
Anastas PT, Zimmerman JB. Design through the twelve principles of Green
Engineering. Environ Sci Technol. 37(5): 94A-101A, 2003.
European Commission. Energ-Ice. Road Map Document for Sustainable Chemical
Industry.
Jan
2013.
[http://ec.europa.eu/environment/life/project/Projects/
index.cfm?fuseaction=home.showFile&rep=file&fil=ENERG_ICE_Road_Map.pdf ].
Anastas PT, Kirchhoff MM. Origins, current status, and future challenges of Green
Chemistry. Acc Chem Res 35(9):686-694, 2002.
Tang SLY, Smith RL, Polliakoff M. Principles of green chemistry: PRODUCTIVELY.
Green Chem, 7: 761-762, 2005.
American Chemical Society. 12 Principles of Green Engineering [available at
https://www.acs.org/content/acs/en/greenchemistry/what-is-green-chemistry/
principles/12-principles-of-green-engineering.html ] (accessed June 2016).
Valavanidis A, Vlachogianni Th. Green Chemistry and Green Engineering. Dpt of
Chemistry, Univers. of Athens, Scientific publications. 2012. [ http://www.chem.uoa.gr/
courses/organiki_1/greenchem/PDF_en/GREEN-CHEMISTRY-PDF-3-GREENENGINEERING2012.pdf ] (accessed June 2016).

14.
15.
16.
17.
18.
19.
20.
21.

22.

Jiménez-González C, Constable DJC. Green Chemistry and Engineering: A Practical
Design Approach. John Wiley & Sons, New York, 2011.
Sheldon RA. Engineering for a more sustainable world through catalysis and green
chemistry. J Royal Soc Interface 13(116), 2016. DOI: 10.1098/rsif.2016.0087.
Kerton FM, Marriott R. Alternative Solvents for Green Chemistry, 2nd ed. RSC
publications, Green Chemistry Series No. 20, Cambridge , UK, 2013.
Clark J, Deswarte F (Eds). Introduction to Chemicals from Biomass, 2nd edition, John
Wiley & Sons, Chichester, Sussex, UK, 2015.
Mulvihill MJ, Beach ES, Zimmerman JB, Anastas PT. Green Chemistry and Green
Engineering: A framework for sustainable technology development. Ann Rev Environ
Resour 36:271-293, 2011.
Sanghi R, Singh V (Eds). Green Chemistry for Environmental Remediation. Wiley,
Scrivener Publishing, Salem , MA, 2012.
Albini A, Protti S. Paradigms in Green Chemistry and Technology. Springer, Springer
Briefs in Green Chemistry for Sustainability, Heidelberg, 2016.
Webb J. BBC (www.bbc.co.uk) Science and Environment. Evolutionary engineer
Frances Arnold wins €1m tech prize. 24 May 2016. [http://www.bbc.com news/scienceenvironment-36344155 ] (accessed June 2016).
CALTECH. 05/24/2016. Frances Arnold Wins 2016 Millennium Technology Prize.
Frances Arnold Professor of Chemical Engineering, Bioengineering and Biochemistry,
28

23.
24.
25.
26.

27.

28.
29.
30.
31.

32.

33.

34.
35.
36.
37.
38.

39.
40.
41.
42.

has been awarded the Millennium Technology Prize for her "directed evolution"
method.
[https://www.caltech.edu/news/frances-arnold-wins-2016-millenniumtechnology-prize-50784 ] (accessed June 2016).
Technology Academy Finland. Millennium Technology Prize. Available at
[http://taf.fi/en/millennium-technology-prize/ ] (accessed June 2016).
Kuchne O, Arnold FH. Review. Directed evolution of enzyme catalysts. Trends
Biotechnol 15(12):523-530, 1997.
Romero PA, Arnold FH. Exploring protein fitness landscapes by direct evolution.
Nature Rev Molec Cell Biol 10:866-876, 2009.
Currin A, Swainston N, Day PJ, Kell DB. Synthetic biology for the directed evolution of
protein biocatalysts: navigating sequence space intelligently. Review. Chem Soc Rev
44:1172-1239, 2015.
Arnold FH, Moore JC. Optimizing industrial enzymes by directed evolution . In:
Scheper Th (Ed). New Enzymes for Organic Synthesis, Vol. 58 Advances in
Biochemical Engineering Biotechnology, Springer-Verlag, Berlin, Heidelberg, pp
1-14, 1997.
Otten LG. Quax WJ. Directed evolution: selecting today's biocatalysts. Biomolec Engin
22(1-3): 1-9, 2005.
Turner NJ. Directed evolution drives the next generation of biocatalysts. Nature Chem
Biol 5:567-573, 2009.
McIntosh JA, Farwell CC, Arnold FH. Expanding P450 catalytic reaction space through
evolution and engineering. Curr Opinion Chem Biol 19:126-134, 2014.
Behrendorff JB, Huang W, Gillam EM. Directed evolution of cytochrome P450
enzymes for biocatalysis: exploiting the catalytic versatility of enzymes with relaxed
substrate specificity. Biochem J 467(1):1-15, 2015.
Coelho PS, Arnold FH, Lewis, JC. Synthetic biology approaches for organic synthesis.
In: Comprehensive Organic Synthesis II. Elsevier, Amsterdam, pp. 390-420., 2014.
ISBN 978-0-08-097743-0 [available at http://resolver.caltech.edu/CaltechAUTHORS:
20150202-095412727 ] (accessed June 2016).
Luo J, Im J-H, Mayer MT, Schreier M, et al. Water photolysis at 12.3% efficiency via
perovskite photovoltaics and Earth-abundant catalysts. Science 345(6204):1593-1596,
2014.
Peharz G, Dimroth F. Solar hydrogen production by water splitting with a conversion
efficiency of 18%. Intern J Hydrog Energ 32(1):3248-3252, 2007.
May MM, Lewerenz H-J, Lacner D, Dimroth F, et al. Efficient direct solar-to-hydrogen
conversion by in situ interface transformation of a tandem structure. Nature Commun 6,
4.2.2015, Open access journal. DOI:10.1038/ncomms9286.
Dincer I. Green methods for hydrogen production. Int J Hydrog Energy 37(2):19541971, 2012.
Ahmad H, Kamarudin SK, Minggu LJ, Kassim M. Hydrogen from photo-catalytic water
splitting process: A review. Renew Sustain Energy Revs 43:599-610, 2015.
Liu C, Colon BC, Ziesack M, Silver PA, Nocera DG. Water splitting-biosynthetic system
with CO2 reduction efficiencies exceeding photosynthesis. Science 352 (6290): 12101213, 2016, DOI:10.1126/science.aaf5039.
Huisman GW, Collier SJ. On the development of new biocatalytic processes for practical
pharmaceutical synthesis. Curr Opinion Chem Biol 17(2):284-292, 2013.
Federsel H-J. En route to full implementation: driving the green chemistry agenda in the
pharmaceutical industry. Green Chem 15, 3105-3115, 2013.
Ciriminna R, Pagliaro M. Green chemistry in the fine chemicals and pharmaceutical
industries. Org Progress Res Dev 17(12): 1479-1484, 2013.
Jiménez-González C, Constable DJC, Ponder CS. Evaluating the ―Greenness‖ of
chemical processes and products in the pharmaceutical industry—a green metrics
primer. Chem Sco Rev 41:1485-1498, 2012.
29

43.

44.

45.
46.
47.

48.

49.
50.
51.
52.
53.
54.

55.

56.
57.

58.

59.
60.

61.

62.

Gupta P, Mahajan A. Green chemistry approaches as sustainable alternatives to
conventional strategies in the pharmaceutical industry. Royal Soc Chem Adv 5: 2668626705, 2015.
Meyer H-P, Eichhorn E, Hanlon S, Lütz S, et al. The use of enzymes in organic
synthesis and the life sciences: perspectives from the Swiss Industrial Biocatalysis
Consortium (SIBC). Catal Sci Technol.3: 29-40, 2013.
Bornscheuer UT, Huisman GW, Kazlauskas RJ, Lutz S, et al. Engineering the third wave
of biocatalysis. Nature 485,185–194, 2012.
Hoyos P, Pace V, Hermaiz MJ, Alcantara AR. Biocatalysis in the pharmaceutical
industry. A greener future. Current Green Chem 3(4),155-181, 2014.
Chem1 General Chemistry Virtual Textbook. States of Matter: Polymers and Plastics:
An Introduction. [http://www.chem1.com/acad/webtext/states/polymers.html] (accessed
June 2016).
PlasticsEurope. Plastics-The Facts 2014/2015. An Analysis of European Plastics
Production, Demand and Waste Data. Association of Plastics Manufacturers, Brussels,
European Association of Plastics Recycling and Recovery, Wemmel, Belgium, 2015. [
http://www.plasticseurope.org/ documents/document/20150227150049/final_
plastics_the_facts_2014_2015_2 60215.pdf ] (accessed June 2016).
Andrady AL, Neal MA. Applications and societal benefits of plastics. Phil Trans R Soc
B 364,1977–1984, 2009.
Mülhaupt R Green polymer chemistry and bio-based plastics: Dreams and reality.
Macromol Chem Phys 214(2):159-174, 2013.
Datta R, Henry M. Lactic acid: recent advances in products, processes and
technologies — a review. J Chem Technol Biotechnol 81(7):1119-1129, 2006.
Garlotta D. A literature review of poly(lactic acid). J Polym Environ, 9: 63–84, 2001.
Aura R, Harte B, Selke S. An overview of polylactides as packaging materials.
Macromol Biosci 4: 835–864, 2004.
Avenous L. Synthesis, properties, environmental and biomedical applications of
polylactic acid, chapter 9. In: Ebnesajjad S (Ed). Handbook of Biopolymers and
Biodegradable Plastics. Properties, Processing and Applications. Elsevier,
Amsterdam, 2013, pp. 171-180.
Sin LT, Rahmat AR, Rahman WA. Overview of Poly(lactic acid), chapter 2. In:
Ebnesajjad S(Ed). Handbook of Biopolymers and Biodegradable Plastics. Properties,
Processing and Applications. Elsevier , Amsterdam, 2013, pp. 11-54.
Vilela C, Sousa AF, Fonseca AC, Serra AC, et al. The quest for sustainable polyesters
– insights into the future. Review. Polym. Chem 5: 3119-3141, 2014.
Muñoz-Guerra S, Cristina Lavilla C, Cristina Japu C, Martínez de Ilarduya A.
Renewable terephthalate polyesters from carbohydrate-based bicyclic monomers.
Green Chem 16: 1716-1739, 2014.
Bomgardner MM. Biobased polymers corporate ingenuity and determination is starting
to pay off, but products must still be muscled into the supply chain. Chem Eng News
92(43):10-14, (27.10.2014) 2014.
European Bioplastics; [ www.en.europeanbioplastics.org/multimedia ] (accessed June
2016) .
Goldeen JS, Handfield RB. Why Biobased? Opportunities in the Emerging Bioeconomy.
Duke University. Center for Sustainability and Commerce. 25.7.2014
[http://www.fedebiocombustibles.com/files/WhyBiobased.pdf ] (accessed June, 2016).
Dawson R, Cooper DI, Admas DJ. Chemical functionalization strategies for carbon
dioxide capture in microporous organic polymers. Mini review. Polym Intern 62(3):345352, 2013.
North M, Pasquale, R, Young, C. Synthesis of cyclic carbonates from epoxides and
CO2. Green Chem 12: 1514–1539, 2010.

30

63. Nanotech Industries. Green Polyurethane™ is the first hybrid polyurethane
manufactured without toxic isocyanates [http://www.nanotechindustriesinc.com/
GPU.php] (accessed May 2016).
64. Ema T, Miyazaki Y, Koyama S, Yano Y, Sakai T. A bifunctional catalyst for carbon
dioxide fixation: cooperative double activation of epoxides for the synthesis of cyclic
carbonates. Chem Commun 48:4489-4491, 2012.
65. Aoyasi N, Furusho Y, Endo T. Effective synthesis of cyclic carbonates from carbon
dioxide and epoxides by phosphonium iodides as catalysts in alcoholic solvents,
Tetrahedron Lett 54(5):7031-7034, 2013.
66. Leung DYC, Caramanna G, Meroto-Valer MM. An overview of current status of carbon
dioxide capture and storage technologies. Renew Sustain Energy Revs 39:426-443,
2014.
67. U.S. Department of Energy. Office of Fossil Energy. Recycling Carbon Dioxide to Make
Plastics. 20 May 2013. [http://energy.gov/fe/articles/recycling-carbon-dioxide-makeplastics] (accessed June 2016).
68. ENERGY.GOV. (US Dept of Energy) Office of Energy Efficiency and Renewable
Energy. Organic Photovoltaic Research. 2016 [ available at http://energy.gov/eere/
sunshot/organic-photovoltaics-research ] (accessed June 20916).
69. ENERGY.GOV. Next Generation Photovoltaics Round 2. 2016 [ http://energy.gov/eere/
sunshot/next-generation-photovoltaics-round-2 ](accessed June 2016).
70. Burke DJ, Lipomi DJ. Green chemistry for organic solar cells. Energy Environ Sci
6:20153-1066, 2013. Open access article, DOI: 10.1039/C3EE410961.
71. Green MA, Bein T, Photovoltaics: Perovskite cells charge forward. Nature Mater 14: 559-561,
2015.
72. You J, Dou L, Yoshimura K, Kato T, Ohya K, et al. A polymer tandem solar cell with 10.6%
power conversion efficiency. Nature Communic 4:1446-1449, 2013.
73. Nexant, 2015, Green solvents: An ideal solution? [http://www.nexant.com/resources/
green-solvents-ideal-solution]. (accessed June 2016).
74. Kerton FM. Marriott R. Alternative Solvents for Green Chemistry. Royal Society of
Chemistry, Green Chemistry Series, No. 20, 2 nd edition, Cambridge, UK, 2013.
75. Gawande MB, Bonifacio VDB, Luque R, et al. Benign by design: catalyst-free in-water,
on-water green chemical methodologies in organic synthesis. Chem Soc Rev 42:
5522-5551, 2013.
76. Paiva A, Craveiro R, Aroso I, Martins M, et al. Natural deep eutectic solvents – solvents
for the 21st century ACS Sustainable Chem Engin 2 (5): 1063–1071, 2014.
77. Praqt D, Pardigon O, Flemmind H-W, Letestu S, etal. Sanofi‘s solvent selection guide:
A step toward more sustainable processes. Org Process Res Develop 17(12): 15171525, 2013.
78. Xia Y, Larock RC. Vegetable oil-based polymeric materials: synthesis, properties, and
applications. Green Chem 12, 1893-1909, 2010.
79. Ligadas G, Ronda JC, Galia M, Cadiz V. Renewable polymeric materials from vegetable
oils: a perspective. Materials Today 16(9): 337-343, 2013.
80. Sharmin E, Zafar F, Akram D, et al. Recent advances in vegetable oils based
environment friendly coatings: A review. Industrial Crops Prod 76:215-229, 2015.
81. Presidential Green Chemistry Challenge Award 2009. Designing Greener Chemicals for
P&GCo. Available at http://news.pg.com/press-release/pg-corporate-announcements/
chempol-mps-wins-2009-presidential-green-chemistry-challeng#sthash.atExeWlY.dpuf
(accessed June 2016).
82. Kamm B, Grube PR, Kamm M (Eds.). Biorefineries– Industrial Processes and Products.
Status Quo and Future Directions. vol. 1, Wiley-VCH, Weinheim, 2006.
83. Dale BE, Kim S. Biomass refining global impact – the biobased economy of the 21st
century. In: Kamm B, Gruber PR, Kamm M (Eds.), Biorefineries – Industrial Processes
and Products. Status Quo and Future Directions. vol. 1, Wiley-VCH, Weinheim, 2006.
31

84. European Union. Biofuels in the European Union – A Vision for 2030 and Beyond. Final
report of the Biofuels Research Advisory Council; Brussels, June 2006.
85. Clark JH, Deswarte FEI, Farmer TJ. The integration of green chemistry into future
biorefineries. Biofuels Bioprod Bioref, 3: 72–90, 2009.
86. Cherubini F. The biorefinery concept: Using biomass instead of oil for producing energy
and chemicals. Energy Convers Manage 51(7): 1412-1421, 2010.
87. Clark JH, Luque R, Matharu AS. Green Chemistry, biofuels, and biorefinery. Ann Rev
Chem Biomolec Engin 3:183-207, 2012.
88. Carpenter D, Westover TL, Czernik S, Jablonski W. Biomass feedstocks for renewable
fuel production: a review of the impacts of feedstock and pretreatment on the yield and
product distribution of fast pyrolysis bio-oils and vapors. Critical Review. Green Chem
16, 384-406, 2014.
89. Brennan L, Owende P. Biofuels from microalgae: Towards meeting advanced fuel
standards. In: Lee JW (Ed). Advanced Biofuels and Bioproducts. Chapter 24.
Springer Series + Business Media, New York, 2013, pp. 553-599.
90. Advancing Green Chemistry (AGC). Agriculture. Charlottesville, VA, USA. [available at
http://advancinggreenchemistry.org/innovation/green-chemistry-and-sustainableagriculture/] (accessed June 2016).
91. Perlatti B, Forim MR, Zuin VG. Green chemistry, sustainable agriculture and
processing systems: a Brazilian overview. Chem Biol Technol Agricult 1:5, 2014.
Open access. DOI: 10.1186/s40538-014-0005-1
92. Nelson W (Ed). Agricultural Applications in Green Chemistry. by the American
Chemical Society, ACS Symposium Series, Oxford University Press, Oxford, 2004.
93. Sayer J, Cassman KG. Agricultural innovation to protect the environment. Proceed Natl
Acad Sci USA, 110(21): 8345-8348, 2013
94. Lambin EF, Meyfroidt P. Global land use change, economic globalization, and the
looming land scarcity. Proc Natl Acad Sci USA 108(9):3465–3472, 2011.
95. Stevenson JR, Villoria N, Byerlee D, Kelley T, Maredia M. Green Revolution research
saved an estimated 18 to 27 million hectares from being brought into agriculture. Proc
Natl Acad Sci USA 110:8363–8368, 2013.
96. Perfecto IVJ, Vandermeer J. The agroecological matrix as alternative to the landsparing/agriculture intensification model. Proc Natl Acad Sci USA 107(13):5786–5791,
2010.
97. Robertson GP, Vitousek PM. Nitrogen in agriculture: Balancing the cost of an essential
resource. Annu Rev Environ Resour 34:97–125, 2009.
98. Galloway JN, Dentener FJH, Capone DG, Boyer EW, Howarth RW, ,et al. Nitrogen
cycles: Past, present, and future. Biogeochemistry 70(2):153–226, 2004.
99. Vaneeckhaute CV, Meers E, Michels E, Buysse J, Tack FMG. Ecological and
economic benefits of the application of bio-based mineral fertilizers in modern
agriculture. Biomass Bioenergy 49:239-248, 2013.
100. Cai S, Zhu HT, Wang JJ, Yu TY, et al. Fertilization Impacts on green leafy vegetables
supplied with slow release nitrogen fertilizers. J Plant Nutrition Open Access, Online,
20.1. 2015, DOI:10.1080/01904167.2015.1050508.
101. Larcher D, Tarascon J-M. Towards greener and more sustainable batteries for electrical
energy storage. Nature Chem 7: 19-129, 2015.
102. Kundu D, Talaie E, Duffort V, Nazar LF. The emerging chemistry of sodium ion
batteries for electrochemical energy storage. Review. Angewande Chemie 54(11):
3431-3448, 2015.
103. Raccichini R, Varzi A, Passerini S, Scrosati B, et al. The role of graphene for electrochemical
energy storage. Nature Materials 14:271-279, 2015.
104. Melot BC, Tarascon J-M. Design and preparation of materials for advanced
electrochemical storage. Acc Chem Res 46(5):1226-1238, 2013.
105. Meyskens M, Carsrud AL. Nascent green-technology ventures: a study assessing the
role of partnership diversity in firm success. Small Busin Econom 40(3):739-759, 2013.
32

106. Chu S, Majumda A, Opportunities and challenges for a sustainable energy future. Nature
488:294-303, 2012.
107. Schiederig T, Tierze F, Herstatt C. Green innovation in technology and innovation
management – an exploratory literature review. R & D Management 42(2):180-192,
2012.
108. Dua R, Shrivastava S, Shrivastava SL, Srivastava SK. Green Chemistry and
environmentally friendly technologies: a review. Middle-East J Sci Res 11 (7): 846-855,
2012.
109. Boodhoo K, Harvey A (Eds). Process Intensification for Green Chemistry. Enginering
Solution for Sustainable Chemical Processing. John Wiley & Sons, Chichester, W
Sussex, UK, 2013.
110. Wilson MP, Schwarzman MR. Toward a new U.S. chemicals policy: rebuilding the
foundation to advance new science, green chemistry, and environmental health. In
Trimm HH, Hunter Jr W (Eds). Industrial Chemistry: New Applications, Processes and
Systems. Apple Academic Press, Oakville , ON, 2011, pp. 176-201.
111. Anastas PT, Zimmerman JB (Eds). Innovations in Green Chemistry and Green
Engineering. Selected Entries from the Encyclopedia of Sustainability Science and
Technology. Springer Science +Business Media, New York, 2013.
112. Suresh S, Sundaramoorthy S. Green Chemical Engineering: An Introduction to
Catalysis, Kinetics, and Chemical Processes. CRC Press, Boca Raton, FL, 2014.
113. Poux M, Cognet P, Gourdon C (Eds). Green Process Engineering: From Concepts
to Industrial Applications. CRC Press, Boca Raton, FL, 2015.
114. Stefanidis G, Stankiewicz A (Eds). Alternative Energy Sources for Green
Chemistry. Royal Society of Chemistry publication, Green Chemistry Series
Cambridge, 2016.
115. Summerton L, Sneddon HF, Jones LC, Clark JH (Eds). Green and Sustainable
Medicinal Chemistry: Methods, Tools and Strategies for the 21st Century
Pharmaceutical Industry. Royal Society of Chemistry publications, Cambridge,
2016.

33

