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Preface

Green chemistry and technologies is the forefront of international chemistry and
chemical engineering development. It combines the latest achievements of modern
chemistry, chemical engineering, physics, biology, material science, environmental
science and information technology, and a new interdiscipline with defined scientific
destination and essential social demands.

In a recent decade, green chemistry and technology has gained more and more
attention by governments, academics, and industries. The direct participation of
governments, close cooperation of industries with research institutions, and inter-
national technological exchange and cooperation boost the development of green
chemistry and technology. As the research on green chemistry is comprehensive, its
key role in the sustainable development of the world is clearly revealed.

Therefore, elucidation and summary of the latest progress and applications of
green chemical technologies is an essential task, especially, employing these new
achievements to solve the problems of the efficient, clean, and high-quality utili-
zation of resources, and the clean production of chemicals and materials has been
a new task undertaken by green chemistry and technology in view of sustainable
development.

This book comprises 14 chapters. Chapter 1 describes the origins, background
of development, and the nature of green chemistry and technology. Chapter 2 elu-
cidates the 12 principles of green chemistry and green chemical process. Chapters 3
and 4 summarize concisely the principles and advanced technologies in green inor-
ganic synthesis and green organic synthesis, respectively. Chapter 5 describes the
green synthetic methods and technologies of polymers. Chapter 6 describes mainly
the green synthetic processes in medical industry, agricultural drugs, and industrial
assistants. Chapter 7 describes the environment-friendly chemical and the concept of
green engineering. Chapter 8 summarizes the green processes for the complex utili-
zation of carbon dioxide. Chapter 9 describes the green chemistry and chemical pro-
cesses for the biomass transformations. Chapter 10 describes the green chemistry and
chemical processes for the ocean resources transformations. Chapter 11 elucidates
mainly the evaluation principles and index used in the evaluation of a green chemical
process and application procedures. Chapter 12 describes the clean coal combustion
technologies and renewable energies. Chapter 13 summarizes the chemical process
intensification technologies and their utilizations in clean chemical processes.
Chapter 14 introduces the essential concept and models of recycling economy and
ecological industrial parks. In a word, this book is focused on the extended utiliza-
tions of the principles of green chemistry and chemical technologies in new fields of
clean synthesis and resources utilization. It characterizes the combination of theory
with practice and creative development.

https://doi.org/10.1515/9783110479317-203
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This book’s chief editors are Zhang Long, Dai Bin, and Gong Changsheng and
co-chief editors are Zhang Gongxiao, Yang jiangxin, Li Zhongming, and Li Zaifeng.
The division of work is as follows: Chapter 1 (Gong Changsheng, Wuhan University
of Engineering; Yang jiangxin, Hainan University), Chapter 2 (XuJun, Zhengzhou
University), Chapters 3 and 4 (Zhang Long, Changchun University of Technology),
Chapter 5 (Li Zaifeng, Qingdao University of Science and Technology), Chapter 6
(Yang jiangxin, Hainan University, Chapter 7 (Li Zhongming, Mei Jin, Jianghan Uni-
versity, Chapter 8 (Zhang Long, Changchun University of Technology, Chapter 9 (Liu
Xin, Changchun University of Technology and Du Guangming, Xinjiang agricultural
University), Chapter 10 (Yin Xueqiong, Hainan University, Chapters 11, 12, and14 (Dai
Bin, Ma Xiaowei Shihezi University, and Chapter 13 (Zhang Gongxiao, Taishan Medical
College. Zhang Long made the whole revision and modification of the manuscript.

We sincerely thank the editors from Huazhong Science and Technology Univer-
sity Press and Gemany De Gruyter Press for their excellent work to make this book
publishable.

As green chemistry and technologies is a newly launched and multidiscipline
research area with various sciences and technology understandings and the limits of
the authors academic level, there should be some mistakes in the book. We sincerely
welcome all suggestions and comments from the readers! And much appreciation is
given for all the authors from China and all over the world, whose publications have
been cited in this book!

Compliers
AUG.28, 2017
CHANGCHUN
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1 Introduction

Green chemistry, also called sustainable chemistry, is an area of chemistry and chemi-
cal engineering that focuses on the designing of products and processes that minimize
the use and generation of hazardous substances [1]. Environmental chemistry focuses
on the effects of polluting chemicals on nature, whereas green chemistry focuses
on technological approaches to preventing pollution and reducing consumption of
nonrenewable resources [2-4]. Green chemistry overlaps with all subdisciplines of
chemistry but with a particular focus on chemical synthesis, chemical process, and
chemical engineering in industrial applications. To a lesser extent, the principles
of green chemistry also affect laboratory practices. The overarching goals of green
chemistry — namely, more resource-efficient and inherently safer design of molecules,
materials, products, and processes — can be pursued in a wide range of contexts.

Green chemistry originated in the 1990s, targeting explicit social needs and
scientific goals, and has now become the international frontier of chemistry
research [1]. It is also one of the most significant research areas of chemistry and
chemical engineering in the twenty-first century. The core of green chemistry is
to apply chemical theories and novel chemical technologies, guided by the prin-
ciple of atom economy, to reduce or eliminate pollution from the source, to meet
the needs of sustainable development to a maximum extent in terms of rational
utilization of resources, ecological balance, environmental protection, and so on,
and moreover to realize the coordination and harmony between human being and
nature. Therefore, green chemistry and its corresponding applicable technologies
have become key research focuses and are pursued by numerous governments,
academia, and industries.

1.1 Rise and Development of Green Chemistry
1.1.1 The Crisis of the Ecological Environment Calling for Green Chemistry

The ecological environment of human being is deteriorating due to the rapid
growth of world population, acceleration of industrialization processes, excessive
consumption of nonrenewable resources and energy, emissions of industrial and
agricultural pollutants and domestic wastes, and so on. The main manifestation
includes atmosphere pollution, acid rain, global warming, destruction of ozone
layer, scarcity and pollution of freshwater resources, marine pollution, degradation
and desertification of land resources, forest decline, reduction of biodiversity, and
pollution of solid waste.

The essence of contemporary global issues is the crisis of human survival,
since the natural environment of humans is being destroyed. In other words, the

https://doi.org/10.1515/9783110479317-001
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contradiction between humans and nature is intensifying. Green stands for life and
is also regarded as a symbol of harmony between humans and nature. Therefore,
green chemistry is an inevitable choice for human survival and the development of
social sustainability.

1.1.2 Promotion of Green Chemistry by Propagation of Environment Protection
and Regulations

We have only one Earth. To protect our homeland, to strengthen pollution manage-
ment, and to protect the ecological environment have become the common aspira-
tions and the concerned focuses of people all over the world. The promulgation of
laws and regulations pertains to environmental protection and also promotes the rise
and development of green chemistry.

In 1962, R. Carson, a woman marine biologist, published a book Silent Spring,
which describes in detail the negative effects of dichlorodiphenyltrichloroethane
(DDT) and other pesticides to various birds. The pesticides, for example DDT, not
only reduce the population of bald eagles sharply via food chain but also endanger
other bird species. Therefore, the previous beautiful and rigorous spring turns into
“silence.” In addition, these chemicals enter human bodies through skin contact and
enter digestive tract thereby poisoning the victims. With the circulation of earth’s
atmosphere, they can be brought to any corner of the world. Even Arctic seals and
Antarctic penguins were detected to have DDT in their bodies. This book greatly
arouses the attention for protecting the ecological environment and is considered as
a masterpiece of warning.

In 1972, the United Nations Conference on Human Environment was held, and
then the declaration of the environment was issued.

In 1987, the United Nations Committee of Environment and Development released
a long report, titled as “Our Common Future.”

In 1990, the US Congress passed the act of pollution prevention, and set it as a
national policy aiming to prevent the pollution at the origin.

In 1991, the American Chemical Society (ACS) and the Environmental Protection
Agency (EPA) initiated the program of green chemistry. The purpose is to promote and
develop novel or improved chemical products and technological processes that are
benign to human health and ecological environment.

In June 1992, the United Nations Conference on Environment and Development
was held in Rio de Janeiro, Brazil. Rio declaration and Agenda 21 were signed.

In 1994, the Chinese government published a white paper of “China’s agenda
21,” relying on the strategies of prospering the nation with science and education
and sustainable development, and declared to follow the harmonious development
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of economy and society, and meanwhile place the clean production as a priority in
key areas.

1.1.3 The Development of Chemical Industry Declaring Green Chemistry

Chemistry, as a creative subject, has acquired brilliant achievements from its birth
to date. Chemistry and chemical industry have provided abundant chemical prod-
ucts for daily life, and so far more than 6 million compounds have been synthesized,
including more than 50,000 industrially produced products. Recently, the global
annual output of chemical products exceeds 1.5 trillion dollars. China manufactures
over 40,000 chemicals, and the output of petroleum and chemicals in 2001 is 1.099
trillion yuan RMB, accounting for 9.8% of the national industrial output. These chem-
ical products create enormous material wealth and enrich the material life for human
beings, and moreover promote the social civilization and progresses. Therefore, the
chemical industry is playing an extremely important role in national economy, and is
becoming the fundamental and pillar of national economy.

However, harmful substances originated from the production and usage of a huge
amount of chemicals result in serious pollution toward the ecological environment,
and the contemporary challenges of global ecological environment issues are directly
or indirectly related to chemical pollution. Table 1.1 lists eight typically global pollu-
tion incidents since the 1930s.

It is necessary to point out that the industrial development experience of western
developed countries should be introspected and taken into consideration. The exten-
sive model of “treatment after pollution” causes the waste of natural resources and
energy, leads to excessive investment without resolving virtual issues, and might
even trigger the risk of secondary pollution. Therefore, the development of traditional
chemical industry continuously seeks the solutions of reduction and elimination of
chemical wastes to the environment. Green chemistry and its applicable technologies
are just the effective ways to solve the environmental pollution by chemical industry.
The core and goal of green chemistry is to prevent the pollution from its origin and
realize “zero emission” by implementation of clean production technologies [5, 6].

1.1.4 Sustainable Development Promoting the Green Chemistry

Sustainable development is a new scientific concept of development which has been
developed since the late 1980s. With the development of science and technology and
the great improvement of social productivity, humans have created unprecedented
material wealth and accelerated the progress of social civilization. Meanwhile, the
world’s rapid growing population, excessive consumption of the exhausted resources

printed on 2/13/2023 6:03 AMvia . All use subject to https://ww.ebsco. confterms-of-use



1 Introduction

4

*sjAuaydiq pajeuriojyafjod ‘sgid

jued
pauljdl dUlZ WOl 19}eMIISeM
Sujuiejuod-wnjwpe)

sg0d Aq painjjod
110 uelq 3214 JO uol1INpoOId

0S 1snp 1L/uw/o)
sajuedwod jeajwayd
wouy s1sAjeled paseq-Ainauayy

alaydsowje¢
uoqsed0ipAy ‘apunuixQ

‘19yjeam
AS80y 1apun seale |euIsnpul
ul pajejnwindde sjuein|od

Aydoue je3919yS ‘uled

auoq Apoq ajoym pue ‘9AIau ‘Juiof ‘wnjwped
Aq pajeuiweluod J9}em pue 9311 Uo pad4
ured a1asnw

‘easneu ‘Sulllwop ‘ejoasos Apoq ‘sgdd
Sujuiejuod J10 uelq 321 jo uoipdwnsuo)
euwiyjse

1elyduoiq ‘ssunj &S ‘sa)diyied jeyow Aresy
19plosip < ysy

uo pasy ajdoad ‘Aundssw)Aylaw uo spasy ysi4
uoljewwejjul

Je04y) pue aAs ‘shel 19j01ARI)IN/UOIISNRYXD
a)iqowolne ‘Assnpul wnajotlad ay|

Sujwona “eoiyy alos ‘ssaulysiy isayd ‘ysnod
‘ured afa ¢ p1oe dUNYINS &IoWSs +2QS

s1ea} ‘y8nod ‘Suryiesiq Aynoiyip
‘e18jeSulieyd ‘ured 159Yyd<£E0S<L0S

uede( ‘eweho]
G961 0165961 Woly

uede( ‘nysnAy ‘usy-1ya1y
BuIpn)oul S813UN0d €7 ‘8961
uede[ ‘1yd1e30A
TL61-9561

uede(

‘nysnAy ‘6/61 01 £56T wold

VSN ‘s9198uy soq

GG6T laqwadaq o) Aepy

AN ‘uopuo’

'C96T 19quiadag

VSN ‘esouoq ‘861 1990120
wni8)ag “As) e 19A1Y Seep
0€61 290

aseas|p
wnjwpe) ujed suoq eweho]

JUdA3
s40d 110 ueiq 831y

1snp jeod “QS 1Y21e3PjOA
JUIAD

NI ENTIHEI] ejeweulpy
Sows

Sows 1earwaydojoyd
estwaydoloyd s9]a8uy S0

Sows uopuoq
Sows elouoq
isnp

pue ‘@djows Qs Sows ajeAsel

sasne)

swojdwAs pue sasne)

uoije’o) pue awiy

Sjueujwejuo) SJUaA]

*AInjuad Yja1auami ayj ui syuapidul uoiinjjod Jofew 3ysia s, pldom ay| :I'T d)qeL

use subject to https://ww.ebsco.conlterns-of-use

Al

EBSCChost - printed on 2/13/2023 6:03 AMvia .



EBSCChost -

1.1 Rise and Development of Green Chemistry = 5

and energy, deterioration of ecological environment by industrial, agricultural, and
domestic wastes not only seriously hinder the development of national economy and
the improvement of people’s quality of life, but also threaten human survival and
development.

Facing these harsh challenges, humans have to reexamine their own social and
economic behavior as well as the development of industrialization, to realize the fact
that the sacrifice of vast amounts of resources and energy to pursue the “high input,
high consumption, and high pollution” traditional economic growth mode cannot
meet the requirements of current and future developments. Alternatively, seeking a
new and mutually coordinated “resources-economy-environment-society” mode can
satisfy the needs of modern people without affecting the benefits of future gener-
ations. The sustainable development theory was established under such historical
background.

In April 1987, the United Nations Environment Programme published a long report
“Our Common Future” after four years of scientific research, in which the sustainable
development was set as a basic guideline and was defined as a new development
mode by both meeting the needs of current and future human generations.

In June 1992, the United Nations Conference on Environment and Development
was held in Rio de Janeiro, Brazil. More than 180 national and regional representa-
tives, 102 government leaders, and more than 60 international organizations attended
the conference and cosigned five documents, including Rio Declaration and 21st
Century Agenda. A new strategy of global development, namely sustainable develop-
ment strategy, was formally founded based on the consensus of reasonable resources
usage, protection of ecological environment, and sustainable development of social
economy.

Sustainable development strategy consists of economic sustainability, ecolog-
ical sustainability, and social sustainability. Economic sustainable development
should be emphasized on both quantity and quality of economic growth, conver-
sion of traditional production, and consumption modes into the modes of clearer
production and civilized consumption, in which every basic unit should strictly
comply with the principles of sustainable development, from the utilization of
resources and energy, products design, and production technologies to consump-
tion patterns. Ecological sustainable development requires economic and social
developments should be based on natural resources, coordinated with ecological
environment and be within the bearing capacity of natural resources and ecological
environment. The real sustainable development of economic society can be real-
ized by considering the human’s self-development under the premise of respecting
the natural development law and safeguarding the integrated interests of humans
and nature. In the domain of social sustainable development, it is regarded that the
stages and goals of development can be different according to different countries,
but the essence of development should include improvement of human life quality
and health level, development of high-tech and superior education, guarantee
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of human equality and globally coordinated development, fair treatment of next
generation without endangering their future needs, and ensurement of intergen-
erational equity. In short, economic sustainable development is the foundation,
ecological sustainable development is the premise, and social sustainable develop-
ment is the final destination. It is regarded that the sustainable development strat-
egy is guided by global significance, adaptive to the contemporary theme of “peace
and development,” based on the premise of harmonious development of humans
and nature, and is a development view of social comprehensive progress and coor-
dinated economic development. And green chemistry is the center of science in the
twenty-first century, which prevents and eliminates the pollution from the origin,
meets the sustainable development of humans to a maximized extent in terms of
rational utilization of resources, environmental protection, ecological balance, and
others. It is the scientific and technological support to realize the sustainable devel-
opments of economy, ecology, and society, and also an important part of sustaina-
ble development theory.

In September 2002, the global sustainable development summit was held in
Johannesburg, South Africa. This meeting further discussed and evaluated the pro-
gress of green chemistry, established the action plans of green chemistry and sustain-
able development, strengthened the pledge of participating countries, and vigorously
promoted the implementation of the strategy of sustainable development [7, 8].

1.1.5 Green Chemistry and Technology is Becoming the Hotspot of Various
Governments and Academia

In recent years, green chemistry and technology have become one of the govern-
ments’ most focusing issues and are the significant research areas interested by
a large variety of industries and academia. The vigorous development of green
chemistry has been promoted by direct involvement of the governments and the
mode of “Production-Study—Research.” One of the most striking events was that
the US President Bill Clinton announced the foundation of the “Presidential Green
Chemistry Challenge Award” on March 16, 1995. This is the only award issued by
the government. The categories of the awards included award of changing synthe-
sis routes, award of changing the solvent/reaction conditions, award of designing
safer chemicals, award of small business, and award of academy for those awarded
chemists, companies, or enterprises whose achievements are fundamental and
creative, reflecting the basic principles of green chemistry during the design, man-
ufacture, and use of chemical products, eliminating the chemical pollutants at
source, and radically reducing the environmental pollution. It has been awarded
for 12 times since 2007.

It is obvious to find out the enormous social and economic benefits brought by
green chemistry from all previous Presidential Green Chemistry Challenge Awards.
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As reported, green chemistry reduced the enterprise emission of organic solvents up
to 2.5 billion liters per year, saved industrial process water 143.8 billion liters per year,
saved energy for 90 trillion British thermal units (1 btu = 1,055.06 J), and reduced CO,
emission by 430,000 tons. Meanwhile, the residual amount of harmful chemicals in
organisms was decreased by 800,000 tons. Although these numbers are still far less
than the ideal emission reduction figures that the whole chemical industry should
have, the prospect of improvement is very promising.

The British “Green Chemistry Award,” sponsored by the Royal Society of Chem-
istry (RSC), Salter Inc., Jerwood Charitable Foundation, the Ministry of Industry and
Commerce, and the Ministry of Environment, began in 2000 with the purpose of
encouraging more people participated in the green chemistry research and promoting
the industry’s latest scientific research achievements.

Japan set up a “Green and Sustainable Development Award in Chemistry,“ which
was initiated by the Japanese Green and Sustainable Development of Chemical
Network (GSCN). This committee consists of the representatives from Japanese chem-
ical and chemical-related industries. The award was first conferred in 2002 and then
once every year [9].

Clean development mechanism (CDM) is one of the three flexible mechanisms
under the framework of the Kyoto protocol. The main content of CDM is that the
developed countries cooperate with the developing countries for projects by provid-
ing funding and technology. The developed countries fulfilled their commitment on
reduction of greenhouse gas emission under article 3 of the protocol by carrying out
the projects met by “certified emission reductions (CER).” CDM is considered to be a
“win-win” mechanism: On the one hand, the developing countries receive capital
and technology by cooperation and realize the sustainable development of them;
on the other hand, the cost of emission reduction abroad can be much lower for the
developed countries comparing the cost if the emission reduction is done in their
own countries. This type of cooperation project is known as CDM project. The addi-
tional and veritable reduction of CO, emission is termed as certified emission reduc-
tions, which is owned by Chinese project enterprises and can be sold. Each CDM
project has a project implementation period. This period is regulated by the CDM
executive board (CDM EB), which is an official organization of the United Nations
Framework Convention on Climate Change (UNFCCC) and the detailed flowchart is
shown in Figure 1.1.

1.2 The Contents and Characteristics of Green Chemistry
1.2.1 The Meaning of Green Chemistry

Green chemistry is the frontier area of modern chemical science research, which is
incorporated with the latest theoretical achievements and technologies of chemistry,

printed on 2/13/2023 6:03 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

8 = 1 Introduction

Projects’ steps Development cycle Undertakers
Project development Project design { B . . ’
Ve | Projectaesign | ___________ terprise project
‘ et pplfeaiiion (The feasibility analysis,

PIN, PDD, buyer intention

|Approvalofdevelopingcountry’ Project verification ‘ OE verification ’

[ UNFCCC registration } ----------- * CDM EB
Project Implementation J—'@S testing } """"""""" Project enterprise
1 Emissions certification } --------------- OE detection
Issuing CERs \, ................. CDM EB

Figure 1.1: Flowchart of CDM project implementation.

chemical engineering, physics, biology, materials, environment, information, and
others. It is also a newly emerging interdisciplinary with clear social needs and scien-
tific goals, and has already become a center of science in the twenty-first century [10].

Green chemistry, also known as environmental-friendly chemistry or sustainable
chemistry, is aimed at reducing and eliminating the use and formation of harmful
substances during the design, production, and application of chemicals and making
the developed chemicals and technological processes much safer and more environ-
mental friendly.

The technology developed based on green chemistry is called green technology
or clean production technology. The ideal green technology applies the chemical
reactions with certain conversion rate and high selectivity for the production of des-
tination products. It is featured to produce less or no byproducts; achieve or get close
to “zero discharge” of the wastes, use harmless raw materials, solvents, and catalysts,
and produce environmental-friendly products [11].
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1.2.2 Research Contents of Green Chemistry

Green chemistry is the study of developing environmental-friendly chemicals and

its technological processes, which avoids pollution from the origin. Therefore, the

research contents of green chemistry are listed as follows:

(1) Clean synthetic process and technology with reduced waste emissions and its
goal is “zero emissions”

(2) Convert the existing processes into clean production

(3) Design and development of safe chemicals and green new materials

(4) Improve the utilization rate of raw materials and energy and extensively increas-
ing the use of renewable resources

(5) Utilization of biotechnology and biomass

(6) New separation technologies

(7) Evaluation of green technology and technological process

(8) Education of green chemistry for changing social life and coordinating develop-
ment of social economy and environment

The core of the green chemistry based on “atom economy” is to investigate the novel
reaction systems by means of chemical principles and new chemical technologies.
These reaction systems include new synthetic methods and technology, discovery of
new chemical raw materials (e.g., biomass), exploration of new reaction conditions
(e.g., environmental-friendly reaction mediums), and design and development of
safe, environmental-friendly, and healthy green products.

1.2.3 The Characteristics of Green Chemistry

Green chemistry is the frontier subject of the international chemical society and is also
the important direction of chemical science in the twenty-first century. Its remarkable
features are as follows:

The difference of green chemistry and traditional chemistry is that the former
is more focused on social sustainable development and the promotion of the coor-
dinated relationship between human and nature. Green chemistry is a higher level
of chemistry defined as new knowledge, new thoughts, and new science, which is
recognized from the environmental crisis.

Green chemistry is also different from environmental chemistry because green
chemistry is the environment-friendly chemical reaction and technology, espe-
cially referring to the new catalytic technology, new biological engineering tech-
nology and new clean synthetic technology. However, the environmental chemistry
is the study of chemistry-related issues that affect the environment. The difference
between green chemistry and environmental chemistry is obvious, since the former
prevents pollutants from its origin, namely pollution prevention, while the latter is
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the posttreatment of the existing polluted environment known as end treatment. As
revealed from the practice, this end treatment serves as an extensive management,
which is only targeting on the purification and treatment of pollutants, neglecting
the prevention of the pollutants formation and emission from its source. Therefore,
this type of treatment is considered as a temporary treatment while not the perma-
nent one. Its low treatment efficiency is also reflected from its high operation cost
and the waste of resources and energy [12].

In a word, from a scientific point of view, green chemistry is not only the innova-
tion of the fundamentals of chemistry and chemical engineering but also the integra-
tion and expansion of these two subjects; from an environmental point of view, it is
the new science and technology for the protection of environment and resolution of
the gradually worsening ecological environment; from an economic point of view, it is
in line with the requirements of economic sustainable development, since it is follow-
ing the guidelines of rational utilization of resources and energy and reduction of pro-
duction cost. Because of the above fact, scientists believe that green chemistry is one
of the most important areas of scientific developments in the twenty-first century [13].

1.3 The Developments of Green Chemistry in Domestic
and at Abroad

Green chemistry is an important direction of the developments of chemistry and
chemical engineering in the twenty-first century, and is the inevitable choice for social
and economic sustainable developments. Therefore, the research of green chemistry
attracts tremendous attention in both domestic and abroad. Numerous achievements
have been acquired in terms of theories, knowledge, and technological innovation for
further development of green chemistry [14-17].

1.3.1 The Developments of Green Chemistry at Abroad

Duetothe frontier status of green chemistry in today’s international chemical science
research, it is therefore highly active for the theoretical research and technological
developments of green chemistry. For instance, establish professional journals of
green chemistry, publish green chemistry monographs, and hold various academic
seminars of green chemistry. All of these are beneficial for further promotion of the
international communication and development of green chemistry [18-20].

1.3.1.1 Main Organizations and Research Institutions

The US EPA is responsible for Green Chemistry Program, the management of green
chemistry project, release of the related information (such as Presidential Green
Chemistry Challenge Award), as well as the related activities.
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In 1997, the Green Chemistry Institute was set up in the United States based on
national laboratories, universities, and companies. Its main purpose is to promote the
academic, educational, and research cooperation among governments, enterprises,
universities, and national laboratories. The main activities consisted of research, edu-
cation, resources, conference, publication, and international collaboration of green
chemistry.

The UK RSC created the Green Chemistry Network with the main purposes to
popularize and promote the propagation, education, training, and practice of green
chemistry among industry, academia, and schools.

Britain, Italy, Australia, and other countries also established the research centers
of green chemistry (or research centers of clean technologies). For example, a green
chemistry research center was set up in York University, led by Prof. J. Clark with the
main research direction of catalysis and clean synthesis. The research team of Prof.
M. Poliakoff at the University of Nottingham is mainly working on the research and
development of supercritical fluid and education. The green design institute in Car-
negie Mellon University is focusing on the green design and development of product
process and manufacture.

In 2000, Japan set up the GSCN, which aimed at promoting the research of
green chemistry that is environmentally friendly and beneficial to human health
and social security. Its main activities include green and sustainable development
of chemical research, education, reward, information exchange, and international
cooperation.

1.3.1.2 American Presidential Green Chemistry Challenge Awards

The first Presidential Green Chemistry Challenge Award was conferred on National
Academy of Sciences in July 1996 at Washington, the United States. In total, 67
projects had been nominated, and four companies and one professor of chemical
engineering were finally awarded. Monsanto Company developed a new production
process of amino sodium diacetate, by selecting nontoxic diethanolamine as raw
material and catalytic dehydrogenation as the major approach. This new production
process changed the previous two-step synthetic route which is applying ammonia,
formaldehyde, and hydrocyanic acid as the raw materials, and thus obtained Presi-
dential Green Chemistry Challenge Award in 1996 for changing the synthetic route.
The award of changing the solvent/reaction conditions was granted to Dow Chemi-
cal Company for application of carbon dioxide as a forming reagent instead of envi-
ronmentally harmful chlorofluorocarbons for the production of polystyrene foam
plastic. Rohm and Hass Company won the American Presidential Green Chemis-
try Challenge Award for design of safer chemicals because of the development of
an environmental-friendly marine biological antifouling reagent. Small business
award was conferred on Donlar Inc., for its development of Thermal Polyaspartic
Acid (TPA), which is a biodegradable product for replacement of polyacrylic acid.
Professor M. Holtzapple from the University of Texas A&M won the academy award
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in 1996 because of his technologies of converting waste biomass into animal feeds,
industrial chemicals, and fuels. Up to 2017, 22 awards had been granted as shown
in Table 1.2.

1.3.1.3 Establishment of Professional Journals
Green Chemistry, established in 1999, by the RSC, is an international professional
journal of green chemistry and its contents include the research achievements,
reviews, news reports, and other information of green chemistry [21].
Clean Products and Processes, founded in 1998, is another professional journal
in the field of green chemistry, with the theme of clean-related technologies, for
example, product development, industrial design, technological process, and
experimental model.
Journal of Cleaner Production, initiated by Dutch Elsevier in 1996, mainly reports
the research papers and comments on clean production technologies.

In addition, some other journals such as Industrial & Engineering Chemistry Research,
Pure and Applied Chemistry, Catalysis Today, and Journal of Industrial Ecology also set
up the column of green chemistry, and publish the green chemistry-related papers
regularly or irregularly.

1.3.1.4 Publishment of Green Chemistry Monographs

Since the occurrence of green chemistry, many countries published a large number of
monographs to introduce green chemistry, and some of the most representative ones
are as follows:

In 1998, P. T. Anastas and J. C. Warner published Green Chemistry: Theory and
Practice, in which the definition, principles, evaluation methods, and development
trend of green chemistry were systematically discussed. It is a masterpiece of green
chemistry.

In 2000, P. Tunds and P. T. Anastas published Green Chemistry: Challenging Per-
spectives, also published by Oxford University Press. This book further describes the
production, opportunities, and challenges of green chemistry as well as its prospect
of development.

1.3.1.5 Organization of Various International Academic Conferences
In August 1994, the 208th ACS National Meeting hosted a seminar of “Design for the
Environment: New Paradigms of the 21st Century,” which was focused on the environ-
ment-harmless chemistry, environmental-friendly technologies, green technologies,
and others.

Gordon Conference, themed as green chemistry, has been held alternately in
the United States and the Europe since 1996. Gordon Conference in 1996 selected
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environment-friendly organic synthesis as the theme, and discussed the issues
such as atom economy and environmental-friendly solvents. This is the first
time of world’s high academic-level discussion of green chemistry. The meeting
together with the American “Presidential Green Chemistry Challenge Award” was
commented as “two significant first time” in 1996 by “Brealow—Green Chemistry.”
The Gordon Conference in 1997 was held in Oxford University, with the topics as
follows:

(1) Catalysis (including homogeneous, heterogeneous, and biological catalysis)

(2) New reaction medium

(3) Clean synthesis and process

(4) New reactor technology

(5) Environmental-friendly materials

In 1997, the first Green Chemistry and Engineering Conference was held by the US
National Academy of Sciences and exhibited the important research achievements
of green chemistry from 64 papers, including biological catalysis, reactions in
supercritical fluid, process and reactor design, and technology outlook for 2020.
The following year held the second Green Chemistry and Engineering Conference
with the theme as “Green chemistry: A global outlook.” The first summer workshop
of green chemistry, sponsored by the EU parliament, was held in Venice, Italy, in
the same year.

In June 2001, the 14th Chemrawn meeting was held by IUPAC in Boulder, CO, the
United States, with the theme of “Green chemistry — Harmless processes and products
towards the environment.” The conference proceeding was compiled and published
in Issue 4, Volume 73 of Pure & Applied Chemistry in 2001.

On March 3-6, 2001, the Royal Society-sponsored “Green Chemistry — Sustain-
able Products and Processes” meeting was held in the Wals Swansea University.
This meeting covered the frontier domains of chemistry and chemical engineer-
ing including many subjects such as green chemistry, clean process, and pollution
minimization.

In March 2003, the first Green and Sustainable Development of Chemistry
International Conference (GSC Tokyo, 2003) was held in Tokyo, Japan, focus-
ing on the innovation of chemical technology for the reduction of resources
consumption. Moreover, advocate the reduction of waste emission during the
entire production process so as to guarantee the human health and security and
protect the ecological environment. GSC Tokyo Statement was issued during the
meeting.

In May 2003, the Engineering Conference of Green Chemistry was held in Sandes-
tin, Florida, the United States, during which nine additional engineering principles of
green chemistry was determined and the development concept of green project was
also put forwarded. And this will expand the green chemistry and engineering to the
entire engineering field.
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1.3.2 Green Chemistry Research Receiving Much Attention in China

China plays a great role in the research and development of green chemistry, actively
follows the globally latest research achievements and development trends, advocates
clean technology, and implements sustainable development strategy.

In 1995, the Chinese Academy of Sciences — Chemistry Department set up an
academician-consulting subject of “Green chemistry and technology to promote the
sustainable development of chemical production.”

In 1997, Xiangshan Science Meeting was held, themed as “Challenge of sustain-
able development towards science — green chemistry.” Academician Qingshi Zhu
from the University of Science and Technology of China gave a special report on “The
challenge of sustainable development strategy to science and technology.” Academi-
cian Enze Min from China Petrochemical Corporation made a talk, entitled as “Green
chemistry and technology in the production of essential organic chemical materials.”
Academician Jiayong Chen from the Chinese Academy of Sciences — Institute of Chem-
ical Metallurgy gave a speech on “Green chemistry and technology — Challenges and
opportunities of metallurgy and inorganic chemistry.” All the talks mentioned above
together with the reports from other specialists greatly promoted the development of
the green chemistry research in China.

In 1997, the National Natural Science Foundation and China Petroleum and
Chemical Corporation jointly funded the important basic research project (known as
“ninth five-year” plan) of “Environment-friendly petroleum catalysis chemistry and
chemical engineering.” In 1999, the National Natural Science Foundation set up a key
project of “Investigation of basic problems with metal organic chemistry.” In 2000,
the green chemistry was listed as a preferentially subsidized area in the “tenth five-
year” plan.

The 16th “Core Sciences in the 21st Century — The Green Chemistry Basic Scien-
tific Questions” seminar was held in JiuHua Hills, Beijing, on December 21-23, 1999.
Up to 40 experts from chemistry, life science, materials science, and so on attended
this meeting and proposed the recent research emphases: @ Green synthesis technol-
ogy, methodology, and process study; @ the fundamentally scientific issues during
the utilization and conversion of renewable resources; and ® key scientific issues of
green chemistry in utilization of mineral resources.

Successive advanced symposiums on green chemistry have been organized suc-
cessively in China, since the first one was held in the University of Science and Tech-
nology of China, Hefei, in 1998. The 7th International Green Chemistry Seminar was
held in Zhuhai, Guangdong, May 24-26, 2005, and the main subjects include green
chemical reactions (mechanisms and processes), design, process, and utilization of
environment-friendly chemicals, efficient utilization of biomass resources, and the
computer-aided design and simulation of green chemistry On May 21-24, 2007, the 8th
International Seminar of Green Chemistry was held in Jiuhua Shanzhuang, Beijing,
focusing on green chemistry and sustainable development. The detailed contents
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include the utilization and development of sustainable materials, research of green
synthesis routes, process, technology, and integration of green chemical engineering,
and new opportunities of green chemistry [22].

In July 12, 2006, the Chinese Chemical Society — Green Chemistry Professional
Committee was formally founded with the aim to promote the research and devel-
opment of green chemistry, and strengthen the academic communication and
cooperation.

1.4 Green Chemistry is the Only Way for the Sustainable
Development of Chemical Industry in China

1.4.1 Industrial Revolution Originated from Green Chemistry

Green chemistry is a multidisciplinary subject emerging from the 1990s, and has
become the frontier of today’s international chemical industry development. The
industrial revolution caused by green chemistry is rising rapidly in the world, influ-
encing various walks of life, not only bringing fundamental changes for the tradi-
tional chemical industry, but also promoting the establishment and development of
ecological material industry, green manufacturing industry, green energy industry,
green ecological agriculture, and so on [23].
1. Greening the petrochemical industry
The needs of petroleum-based chemicals have increased rapidly by the fast
development of modern industries. The structural changes of petrochemical
raw materials and serious challenges of protection of biological environment
require the petrochemical technologies of twenty-first century overcome the
restrictions of raw materials, processes, and equipment of the first generation
of petrochemical industry. It is necessary to apply the principles of green chem-
istry and gradually realize the greening of petrochemical industry, which is an
inevitable trend of sustainable development. For example, using zeolite cat-
alyst instead of aluminum trichloride for the production of ethylbenzene and
isopropylbenzene; selecting ion exchange resin as catalyst instead of sulfuric
acid for the production of sec-butyl alcohol; phosgene-free production of poly-
carbonate, toluene diisocyanate, and diphenyl methane diisocyanate; carbon-
ylation of acetic acid with methanol under low pressure; catalytic oxidation of
acetic acid by ethylene; direct oxidation production of acetic acid by methane;
two-step production route of ethylene from methane by silicon aluminophos-
phate molecular sieves; and oxidation production of phenol by benzene and
oxidation production of p-dihydroxybenzene and o-dihydroxybenzene by
phenol in TS-1 and H,0, clean catalytic oxidation system. These new petro-
chemical technologies will play a leading role in the petrochemical industry of
twenty-first century.
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Greening chemical pharmaceutical industry

The chemical pharmaceutical industry is featured by many characteristics, such
as numerous varieties, fast updating, multistep reactions, high consumption
of the raw and auxiliary materials, low overall yield, high emission of “Three
Wastes,” complicated composition, and easy cause of environmental pollution.
Therefore, greening chemical pharmaceutical industry not only has important
economic benefits but also has profound social benefits and environmental
benefits [24].

For instance, sertraline, known as the active component of antidepressant
medicine —Zoloft, is a highly selective serum reuptake inhibitors and is applied
for the therapies of most melancholia, trauma psychic, and psychological sup-
pression. It has been listed as the designated antidepressant since its approval
from 1990. Its market sales were $2.4 billion and $2.7 billion in 2001 and 2002,
respectively. During the previous synthetic method for sertraline, the carbonyl
group of dichlorophenyl tetralone is converted to imino group using TiCl, as dehy-
drant. The isolated imine compound is further hydrogenated (Pd/C as catalyst) to
amine isomer mixtures (cis/trans 6:1). And then the isolated cis-isomer is reacted
with p-mandelic acid for the production of (S, S)-cis-isomer. The mandelate is
finally converted into its corresponding hydrochloride product. The above syn-
thesis route is too long, multiple steps are involved, and at the same time pro-
duces a large amount of wastes.

Pfizer Company improved and innovated the synthetic process of sertraline.
First, select ethanol, an environment-friendly reagent, as the solvent instead of
the previous tetrahydrofuran and toluene. Since the imine compound has low
solubility in ethanol, it is readily precipitated out, avoiding the dehydration with
TiCl, and separation of intermediates. More importantly, the selectivity of cis-
amine isomer has been greatly improved, and the cis/trans ratio is up to 18:1. The
unreacted methylamine can be recycled by distillation. This new process simpli-
fies the reaction operation, saves raw materials, improves the yield, and reduces
the emission of wastes at the same time. According to the new process of Pfizer,
every ton of sertraline production demands 22,710 dm?solvents, which is sharply
reduced from the former 227,100 dm?/ton product. On the other hand, raw mate-
rials such as methylamine, dichlorophenyl tetralone, and b-mandelic acid have
been saved for 60%, 45%, and 20%, respectively. Additionally, annual emission
reductions of titanium dioxide-methylamine hydrochloride, HCl, and 50% NaOH
waste residual are 440, 150, and 100 tons, respectively. Therefore, Pfizer Company
is the winner of the American Presidential Green Chemistry Challenge Awards in
2002 for changing the synthetic route.

Greening the pesticide industry

The toxicity of chemical pesticide and its impacts on the environment have always
been the concerned issues. Especially when the environmental regulations are
becoming more and more standardized and the genetically modified crops are
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rapidly promoted, the traditional pesticide is facing severe challenges. Gradual
realization of green chemical pesticides and establishment of sustainable devel-
opment of the pesticide industry are the new patterns and trends of the develop-
ment of world’s pesticide industry.

Green pesticides refer to the pesticides that can efficiently eliminate pests
and pathogens, while are safe to human, livestock, and crops, easy to decompose
in the natural environment, and revealed with low or no residue in crops. Cur-
rently, the research and developments in this area are as follows:

Bioregulator: Using different active substances to adjust, change, and
restrain harmful organisms in different stages of growth, development, and
reproduction so as to reach the goal of prevention and control of diseases and
pests. For example, Rohm & Hass Company developed CONFIRM - a series
of pesticides (e.g., tebufenozide, halofenozide, and methoxyfenozide), which
belong to the slough-induced pesticides and can prompt the molting of pests
in advance with a result of dehydration, stopped feeding, and quick death.

Nerve paralysis agent: Dow agricultural science company developed a highly

selective insecticide — Spinosad — which belongs to this category. The effects

of Spinosad on pests are different from the known like products. The Spi-
nosad-treated pests exhibited neurological syndromes, such as lack of coor-
dination, fatigue, tremors and muscle twitching, paralysis, and death.

Insect pheromones: Disparlure synthesized by Baker Company is a type of

insect sex pheromone, which can interfere with the breeding of insects and

therefore control diseases and insect pests effectively.

Photoactivated pesticide: The key component in photoactivated pesticide is a

photosensitizer that kills pests by singlet oxygen (!0,) catalytically produced

by photosensitizer under the conditions of light and oxygen.

4. Green new materials

Green materials, also known as ecomaterials or environmentally conscious mate-
rials, refer to a big family of materials that have good performance or functions,
consume less resource and energy, cause less pollution to the ecological environ-
ment, are beneficial to human health, are biodegradable for recycling, have high
utilization rate of regeneration, and are well coordinated with the environment
during the stages of preparation, use, discard, and recycling.

In recent years, the “white pollution” caused by unbiodegradable plastic
products has affected water, soil, and urban environment, and the situation is
getting worse and worse. Therefore, the development and application of bio-
degradable polymeric materials are becoming hot spots of social concern. The
desired materials include biodegradable polymeric materials, photodegradable
polymeric materials, and photobiodegradable polymeric materials.

At present, many biodegradable polymers have been investigated and devel-
oped. For example, polyhydroxybutyric acid ester, polymer hyaluronic acid, chi-
tosan and its derivatives, polylactic acid, polyanhydride, polyparadioxanone,
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polyvinyl alcohol, starch-grafted copolymer, and phosphazene polymer. Many
of these products can be served as biomedical materials.

The function of photodegradable polymeric materials is realized by addi-
tion of appropriate amount of photosensitizer during the synthetic process of
the polymers.

Greening the energy industry

Energy is the important material basis for the survival and development of human
society. At present, our common energy refers to petroleum, natural gas, and
coal. From the beginning of the current century, the consumption of fossil energy
has been growing exponentially, leading to the gradually exhausted status of the
reservation of fossil resource. It was predicted in the 13th Global Petroleum Con-
ference that the global oil reservation is about 300 billion tons. If selecting the
global oil output in 1992, namely 3 billion barrels, as a basis, the world’s current
oil reservation can only last for 46 years and the natural gas can last for 66 years.
Although the world’s coal reservation is up to 1.0391 trillion tons, it still can only
last 232 years according to the current production level. Furthermore, the pro-
duction and consumption of these fossil energy also bring about the severe envi-
ronmental issues, such as air pollution, acid rain, greenhouse effect, and ozone
depletion. Therefore, the development of new energy and green energy is becom-
ing an extremely significant issue for every government and scientific academia.

According to our national conditions, three key aspects need to be resolved
during the development of green energy industry [25].

(1) Clean combustion technology of coal

China is the world’s largest coal producer and consumer, and this type of

coal-centered energy structure is predicted to remain for a long period in

twenty-first century. It is urgent to promote the clean coal combustion tech-
nology, since China has already turned into a typical coal-smoke-polluted
country. For example, improvement of combustion methods, adoption of
catalytic combustion, development of coal gasification technology, promo-
tion of water—coal slurry technology, and enhancement of comprehensive
treatment of soot gas.

(2) Conversion technology of biomass

Biomass contributes 15% of the world’s total energy consumption, next to

oil, coal, and natural gas. The development and utilization of biomass is con-

verting itself into industrial chemicals and fuels, such as ethanol gasoline,
and biodiesel, so as to alleviate the pressure on resources and the environ-
ment.

(3) Development of green energy

Solar energy, hydroenergy, oceanic energy, wind energy, and biomass energy

all belong to clean energy. The reasonable development and utilization of

these types of energy can both replace a considerable portion of the fossil
energy and reduce environmental pollution.
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1.4.2 Green Chemistry is the Preferential Mode for the Sustainable Development
of Chinese Chemical Industry

Under the guidance of sustainable development strategy in China, the clean produc-
tion and environmental protection have been highly concerned by all levels of gov-
ernment departments. In 1994, the standing committee of the state council passed
the “China’s Agenda 21,” and put it as a white paper on China’s population, environ-
ment, and development in the twenty-first century. It was clearly presented in the third
section of “sustainable development” that the implementation of cleaner production
technology is an important task for chemical industry system. It was also empha-
sized to strengthen the “three wastes” treatment and comprehensive utilization of
wastes, save resources, and protect the environment, by relying on the scientific and
technological progresses. The former ministry of chemical engineering invested 3.25
billion yuan and 5.27 billion yuan during the periods of “seventh 5-year” and “eighth
5-year,” respectively. Meanwhile, 16,912 environmental protection projects have been
arranged. All of the above-mentioned efforts have been returned by eminent achieve-
ments of environmental protection. The million yuan of chemical engineering indus-
trial output value of comprehensive energy consumption was reduced from 741 tons
of standard coal in 1990 to 4.8 tons of standard coal in 1996. The decreasing ampli-
tude is 35%. The comprehensive utilization value of chemical wastes increased from
1.257 billion yuan in 1990 to 4.977 billion yuan in 1996 and meanwhile the annual
reductions of emission of wastewater, exhaust gas, and waste residue are 1.3 billion
tons, more than 3,000 m? and nearly 10 million tons, respectively. However, due to
the huge amounts of discharged industrial and domestic wastes originated from the
large population base and the fast progress of industrialization, the Chinese people
are facing the increasingly serious issues of sparse resources and polluted ecological
environment. The Industrial pollution in China takes up 70% of the national environ-
mental pollution load. Coal is the primary energy source in China and each year the
emission of SO, from exhaust gas is up to 1.6 x 107 tons, which enlarges the acid rain
areas to 22 provinces and cities in China. The disaster cultivated area is 2.67 x 10* km?
and exhibits the spreading trend from southwest and south to northeast, central, and
northeast parts of China. The annual emission of wastewater in China is 36.6 billion
tons, in which industrial wastewater takes up 23.3 billion tons. Water quality of 86%
of urban rivers is unqualified. The situations of heavy metal pollution and eutrophi-
cation in rivers and lakes are increasingly serious and the seven water systems have
all been polluted. Moreover, China is a country that is extremely in shortage of water
resource. Although the total water reservation is 2.8 trillion m’, the amount per capita
is 2,300 m? that is only a quarter of world per capita, ranking 88th in the world. There
are more than 300 cities in short of water in China and the number of cities severely in
deficiency of water is more than 100. The situation of water deficiency is even worse
in northern part of the country, which has become one of the key restricting factors of
social and economic development.
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Chemical engineering industry due to its own characteristics (such as large
varieties, many synthetic steps, long process flow, and the current dominating
status of small- and medium-scaled chemical companies) has adopted the exten-
sive production mode with high consumption and low efficiency. Therefore, the
environment has been severely polluted with the development of chemical indus-
try, and China is becoming a major client of “three wastes” emission. The annual
emissions of industrial wastewater, exhaust gas, and waste residue in Chinese
chemical industry are 50 x 10%, 8.5 x 10%, and 4.6 x 10’ tons, respectively. Their
percentages of national industrial “three wastes” emission are 22.5%, 7.82%, and
5.93%, respectively. When compared with other industrial departments, the emis-
sions of mercury, chromium, phenol, arsenic, fluorine, cyanogen, and ammo-
nia-nitrogen pollutants from chemical industry rank first. The dye industry, for
instance, the emission of industrial wastewater is 1.57 x 10® tons per year, and its
wastewater is high in chemical oxygen demand concentration, deep in color, and
hard to biodegradation. For chromic salts industry, the emission of chromic slag is
about 13 x 10“ tons every year, and total stocked amount over the past years is up
to 200 x 10* tons. In addition, there are more than 1,000 tons of Cr®* ions, lost into
the environment, which brings about severe damages to groundwater quality and
human health.

To sum up, the ecological environment and resources in China have been
seriously polluted and destructed due to the traditional mode of “vast consump-
tion of resources and extensive management,” unreasonable industrial structure,
and undeveloped scientific techniques and administration levels. Therefore, it is
required to renew the outlook; to establish the new mode of “raw materials-indus-
trial production-product use-waste recycling-the secondary resource”; to adopt
clean technology of “waste source prevention and full monitoring of production
process” instead of the past “end-treatment” strategy; to develop green chemical
industry based on the progresses of science and technology; to follow the road of
“resources-environment-economy-harmonious development of society.” These are
the only ways for the development of chemical industry and even the entire indus-
trial modernization.

1.4.3 Corresponding Solutions

Green chemistry is the central science of the twenty-first century and is regarded as
the new science and technology to fulfill the sustainable development of society and
economy, which has become the hot spot by the governments all over the world, scien-
tific academia, and industries. Green chemistry itself and its corresponding industrial
revolution are rapidly emerging around the world, not only presenting challenges to
chemical — and chemical engineering — researchers but also bringing great opportu-
nities for development.
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Strengthen the propagation and education of green chemistry

Over the past 10 years, green chemistry and its applicable techniques have
developed rapidly in European countries and the United States. Green chem-
istry, considered as government behavior, has always been organized and
implemented in many countries. On March 16, 1995, for example, the US gov-
ernment set up the “Presidential Green Chemistry Challenge Award,” aiming
to reward the achievements by application of chemical principles to reduce
or eliminate chemical pollution fundamentally. This award has been granted
every year since 1996, and it is the first time in the world to set up an incen-
tive policy for development of green chemistry by government. In Britain, the
British Green Chemistry Award, sponsored by RSC, Salters Company, Jerwood
Charitable Foundation, DTI, and DETR, has also been granted since 2000.
Other European countries, such as Sweden, Netherlands, Italy, Germany, and
Denmark, also actively promote clean production technologies and imple-
ment the method of minimum waste assessment, which receive remarkable
success. The governments at all levels in China should fully recognize the
positive influence of green chemistry and its industrial revolution on future
development of human society and economy, and adjust the industrial struc-
ture in time for fast development of green technology and green industry.
Green chemistry and its related industries not only accommodate China’s
current economic development mode but also suit the national features of the
country. Green chemical industry selects protection and saving of resources
as its goals, promotes the harmony and coordination between humans and
nature, pursues sustainable development, and can be almost involved in all
industries.

In order to comprehensively promote the development of green chemistry
and its industry, it is necessary to strengthen the propagation of green chemistry
and technology, and set up certain awards and supporting policies.

Select key areas for the research and development of green chemical tech-
nologies

The aim of green chemistry is to investigate and develop new environment-friendly
reactions, new technologies and new products by using the principles of chem-
istry and new chemical technologies. From the point of view of sustainable
development, realize the coordinated and harmonious developments of environ-
mental resource and social economy.

(1) Pollution-prevented clean coal technology

Clean coal technology includes the purification techniques prior, during,
and after coal combustion as well as the coal conversion technique. China
is the world’s largest coal producer and consumer. The research and devel-
opment of clean coal technology is beneficial to save energy, improve air
quality, and reduce environmental pollution. Therefore, it is the priority to
realize the strategy of green industrial revolution.
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Green biological chemical technology

The conversion of cheap biomass resources into useful chemical industrial
products and fuels is the strategic goal for development of green chemistry
in China. Development of green biological chemical technologies includes
genetic engineering technology, cell engineering technology, microbial fer-
mentation technology, and enzyme engineering technology. Plant resource
is the most abundant renewable resource on earth, and regenerates with a
rate of 160 billion tons per year, equal to the energy released from 80 billion
tons of oil. The annual output of agricultural straws in China is more than
1 billion tons, but the utilization rate is less than 5% (mainly used for paper-
making). If these residues are well converted to organic chemical raw mate-
rials using biological chemical technology, at least 2 x 10° tons of ethanol,
8 x 107 tons of furfural, and 3 x 10° tons of lignin can be manufactured, which
are worthy of billions of dollars of value. Therefore, green chemistry and its
corresponding techniques are considerably promising for conversion and
utilization of biomass resources.

Green technology for efficient utilization of mineral resources

China is a country with a huge population and relative shortage of resources.
Development of green technology for efficient utilization of mineral resources
and recycling of low-grade mineral resources is thus an important goal of
green chemistry research. At present, the biological catalytic technology,
microwave chemical technology, ultrasonic chemical technology, membrane
separation technology, and so on have attracted tremendous attention; some
of which have already been served for industrial applications and exhibit
broad prospects.

Green synthesis of fine chemicals

Fine chemicals are the foundation for the development of high-techs,
pertaining to the national economy and people’s livelihood. However,
the overall yields of many fine chemicals are relatively low, due to their
multiple steps for preparation. On the other hand, large amounts of raw
and auxiliary materials have been consumed. Thus, it is fairly crucial for
the preparation of fine chemicals to explore and investigate those green
synthetic techniques of high selectivity and high atomic economy. For
example, using asymmetric catalytic synthesis technology for the prepa-
ration of fine chemicals has already become the hot topics in the domain
of green chemistry research. Combinatorial synthesis has become an
effective shortcut for the realization of molecular diversity in green
chemistry [26].

Green technology for ecological chemical engineering

Ecological chemical engineering takes a compound system cross-coupled
by ecological system and chemical system as its research subject, and
is a modern chemical engineering mode linked by material circulation,
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energy flow, information transmission, and value increment. Guided by
the principles of industrial ecology based on circular economy concept
and by means of green synthesis and conversion, biological chemical
engineering technology promotes the balance and good circulation of
ecosystem as well as ensuring the sustainable development of global
social economy during the production of environment-friendly mate-
rials. Green chemistry and ecology chemical engineering technology is
representing the development direction of modern chemical industry. It
is highly pursued by numerous governments, companies, and academia,
and has become a core issue of chemistry and chemical industry in the
twenty-first century.

3. Vigorous implementation of clean production processes

Another significant research project is to evaluate the currently existing produc-
tion processes by taking the reference of the latest advanced scientific techniques
as well as the principles and techniques of green chemistry, strengthen the tech-
nological renovation, and implement clean production processes. It is both prac-
tical and highly profitable from plenty of successful experiences in domestic and
abroad [27].

Enhancement of the strength for scientific renovation

Innovation is the soul of a nation and the eternal power for continuous pro-
gresses of scientific technologies. Throughout the past winning projects of
American “Presidential Green Chemistry Challenge Award,” all of them are fea-
tured as concepts of innovation, varieties of innovation, and technological inno-
vation. With the target of fast development of green chemical industry in China,
it is required to keep up with the times; innovate independently; strengthen
the exploration of new ideas, new theories, new methods, and new processes;
break through the key techniques; promote the combination of production-
study-research; and accelerate the conversion and application of scientific
achievements.

The main body of innovation is individual and in order to form the backbone
elements for the greening of chemical industry in China, it is highly demanded to
poster and train a large variety of high-level technical personnel engaged in the
research and development of green synthetic technology and the management of
clean production.

Strengthen the international communication and cooperation

Green chemistry is the center of science in the twenty-first century. Green chem-
istry and its application technology have developed rapidly in Europe and the
United States. As for China, we should actively pursue the international trends of
research and industry development, strengthen the international academic com-
munication and cooperation, absorb the advanced process and technology from
abroad, and finally promote the continuous, healthy, and fast developments of
Chinese chemical industry.
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Questions

What is green chemistry? Please discuss the background for the origin of green
chemistry briefly.

2. Whyis green chemistry considered as a newly emerging interdiscipline with clear
social demands and science goals?
3. What are the main research subjects of green chemistry?
4,  Why is green chemistry considered as one of the most significant areas of scien-
tific developments in the twenty-first century?
5. What is the essential difference between green chemistry and environmental
treatment?
6. Which important inspirations can we learn from the winning projects of the
American Presidential Green Chemistry Challenge Award?
7. Why is green chemistry regarded as the only way for the sustainable development
of chemical industry in China?
8. How to accelerate the development and progress of green chemistry in China?
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2 Basic principles of green chemistry

Green chemistry is a field of chemistry and chemical engineering that focuses on
designing products and processes that minimize the use and generation of hazard-
ous substances. Whereas environmental chemistry focuses on the effects of chemi-
cal pollution on nature, green chemistry focuses on technological approaches that
prevent pollution and reduce consumption of nonrenewable resources. In 1998,
Paul Anastas and John C. Warner formulated the following 12 principles of green
chemistry [1]:
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It is better to prevent waste formation than to treat it after it is formed.

Design synthetic methods to maximize incorporation of all materials used in
the process into the final product.

Wherever practicable, synthetic methods should be designed to use and generate
substances that possess little or no toxicity to human health and the environment.
Chemical product design should aim to preserve efficacy while reducing
toxicity.

Auxiliary materials (solvents, extractants, etc.) should be avoided if possible or
otherwise made innocuous.

Energy requirements should be minimized: syntheses should be conducted at
ambient temperature or pressure.

Where feasible and practicable, any raw material should be renewable.
Unnecessary derivatization (such as protection or deprotection) should be
avoided, where possible.

Selectively catalyzed processes are superior to stoichiometric processes.
Chemical products should be designed to be degradable to innocuous products
when disposed of and not be environmentally persistent.

Process monitoring should be used to avoid excursions leading to the forma-
tion of hazardous materials.

Materials used in a chemical process should be chosen to minimize hazard
and risk.

These principles address a range of ways to reduce environmental and health
impacts of chemical production; moreover, they indicate research priorities for
the development of green chemistry technologies.

To assess the potential for a process ,its relative “greeness” when compared with
other processes, Winterton proposed 12 more green principles [2]:
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Identify and quantify by-products.

Report conversions, selectivities, and productivities.

Establish full mass balance for the process.

Measure catalyst and solvent losses in air and aqueous effluent.
Investigate basic thermochemistry.

https://doi.org/10.1515/9783110479317-002

printed on 2/13/2023 6:03 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

32 — 2 Basic principles of green chemistry

(6) Anticipate heat and mass transfer limitations.

(7)  Consult a chemical or process engineer.

(8) Consider the effect of the overall process on choice of chemistry.
(9)  Help develop and apply sustainability measures.

(10) Quantify and minimize the use of utilities.

(11)  Recognize where safety and waste minimization are incompatible.
(12) Monitor, report, and minimize the laboratory waste emitted.

2.1 Waste Prevention Instead of Remediation

The development of modern chemistry has enabled the transformation of our
natural resources as well as creation of new matter from existing ones to benefit
society. These have greatly enriched our modern living and increased the quality
of life. Traditionally, people focused on maximization of selectivity and yield of
a product in a chemical process for economic reasons without considering the
extent of wastage that occurred in the process. However, massive production and
widespread use of chemicals also led to global environmental problems, including
global climate changes, sustainable energy production, food production, resource
depletion, and the dissipation of toxic and hazardous materials in the environ-
ment. In fact, the traditional chemical industry was a hazardous and polluting one.
It generated stoichiometric amounts of waste, causing extensive air, water, and soil
pollution. In order to reduce the effect of environmental pollution by the chemical
industry, end-of-the-pipe treatment was selected in the early 1980s. End-of-the-
pipe treatment was the remediation of the generated pollution by physical, chem-
ical, and biological methods. These traditional technologies focus on mitigating a
hazardous material. This approach has failed to meet the demands of sustainable
development.

Green chemistry targets pollution prevention at the source, during the design
stage of a chemical product or process, and thus prevents pollution before it
begins. A waste is not a waste if a valuable use can be found for it. However, it
is better to find an improved process that eliminates the waste. Therefore, green
chemistry need not be expensive. Pollution prevention is often cheaper than end-
of-the-pipe treatments. Green chemistry avoids pollution by utilizing processes
that are “benign by design.” Ideally, these processes use nontoxic chemicals and
produce no waste, while saving energy and helping our society achieve a transition
to a sustainable economy. Rarely do chemical processes give the targeted product
with perfect specificity even after much effort. Improved process design can min-
imize waste.

The challenge is to reduce the incidence and severity of accidents, waste, the tox-
icity of chemicals, and the amount of energy used, while still providing the goods that
society needs.
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2.2 Atom Economy

Traditionally, chemists have judged the efficiency of a reaction by percent yield of
product formed, minimizing the steps or synthesizing a completely unique chemi-
cal. This view ignores the quantity and nature of by-products generated by the reac-
tion. The concept of atom economy was developed by Barry Trost in 1991 [3]. The
goal of atom economy is to create syntheses in which most of the atoms of the reac-
tants become incorporated into the desired final product leading to fewer waste by-
products. Atom economy can be written as

Atom economy = molecular mass of desired product/molecular mass of all
reactants x 100%

In an ideal chemical process, the amount of starting materials or reactants equals
the amount of all products generated and no atom is wasted. The goal is to achieve
a product with high yield and low waste instead of a high yield product with high
waste. Atom economy of some common organic reactions (rearrangement, addi-
tion, substitution, and elimination) is calculated as shown in eqgs (2.1), (2.2), (2.3),
and (2.4).

NOH

0]
é P,0; (10mol%) @H 1)
IL : [bmim]*[BF,]”

[bmim]*[PF,]~

Percentage of atom economy = (113.16/113.16) x 100 = 100%
Ni(acac)
)J\/”\ /\[( e (2.2)
[BMIM]BF,

Percentage of atom economy = [170.20/(100.11 + 70.09)] x 100 = 100%
CH,(CH,),CH,0H + SOCL, » CH,(CH,),Cl + SO, + HCl (2.3)
Percentage of atom economy = [120.63/(102.18+118.97)] x 100 = 54.55%
CH;CH,CH,N(CH;);0H - CH,CH=CH, + (CH;);N + H,0 (2.4)

Percentage of atom economy = (42.08/119.21) x 100 = 35.30%

The rearrangement and addition reactions is a 100% atom economic reaction,
since all the reactants are incorporated into the product. This is followed by the
substitution reaction (54.55%) and the least economical is the elimination reaction
(35.30%) (equations 2.1-2.4). Poor atom economy is common in fine chemicals or
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pharmaceuticals synthesis. Synthetic methods should be designed to maximize the
incorporation of all materials used in the process into the final product.

2.3 Less Hazardous Chemical Synthesis

Many industrial chemical processes make use of starting materials (reactants)
that can be harmful to human health and the environment. If a chemical process
uses hazardous substances, there is the danger that accidents can occur, expos-
ing workers and others to these chemicals or releasing those chemicals into the
environment. For example, chemicals such as carbonyl chloride, hydrocyanic
acid, and dimethyl sulfate are highly reactive and toxic, but these dangerous
chemicals are used in industry. Sometimes it may not be possible to replace them
completely. This leads to a hierarchy of approaches from least change to the most
change.

Phosgene is quite toxic. The largest industrial use of phosgene is in the prepara-
tion of isocyanates and polycarbonates. Dimethyl carbonate (DMC) is a versatile com-
pound that represents an attractive eco-friendly alternative to both methyl halides (or
dimethyl sulfate) and phosgene for methylation and carbonylation processes, respec-
tively. DMC, produced nowadays by a clean process, possesses properties of no toxic-
ity and biodegradability, which makes it a true green reagent to be used in syntheses
that prevents pollution at the source.

DMC can also be used in preparation of isocyanates (TDI), instead of toxic phos-
gene (eqs (2.5) and (2.6)) [4].

CH, CH,
NH, NHCOOCH,
+2(CH;0),0 ———= + 2CH,0H (2.5)
NH, NHCOOCH,
(TDC)
CH, CH,
NHCOOCH; NCO
+2CH;0H 26)
NHCOOCH, NCO
(TDI)

PdCl,-CuCl,
2CH,0H + CO +1/2 0,———— (CH;0),CO + H,0 2.7)
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DMC is obtained again by the by-product methanol (eq. (2.7)). The entire process con-
stitutes an ideal zero-emission green synthetic route. Therefore, wherever practicable,
synthetic methods should be designed to use and generate substances that possess
little or no toxicity to human health and the environment.

2.4 Designing Safer Chemicals

An increased understanding of reaction mechanisms and toxicology allows chem-
ists to better predict which compounds/functional groups may pose an environmen-
tal hazard. Design new products to be safer and more benign impacts over their life
cycle. This information assists in the design of safer chemicals while maintaining the
desired function of the product.

The principles of mechanistic toxicology and understanding the physicochemical
properties allow for a molecular design for reduced toxicity. Environmentally friendly
metal-complexed textile dye eliminates the source of wastewater containing toxic
heavy metal.

Pesticides have been designed to be more selective and less persistent than many
traditional organic pesticides. Polymers and surfactants have been developed to
degrade in the environment at the end of their useful lifetime. y-poly(glutamicacid)
can been synthesized by microbial fermentation from renewable feedstocks. This
water-soluble polymer is a biodegradable polyanion that is a suitable replacement
for polyacrylic acid. Another example is replacement of insecticides by pheromones;
pheromones are non-toxic and environmental benign, which will be hastened through
the design of more affordable synthetic methods.

2.5 Safer Solvents and Auxiliaries

Organic solvents such as benzene, carbon tetrachloride, and chloroform pose a par-
ticular concern to the chemical industry in synthesis, processing, and separations.
Many kind of organic solvents are volatile, flammable, toxic, and carcinogenic. The
replacement of toxic and noxious solvents by environmentally benign solvents and
solventless systems is important.

Water is not normally a good solvent for organic molecules. Water promotes
many reactions at high temperatures, including condensation, decarboxylations, and
hydration of alkenes. Water at 250-300 °C can remove organic compounds from soil,
catalysts, and some sludges just as effectively as organic solvents do.

Carbon dioxide is nontoxic, nonflammable, relatively inert, abundant, and inex-
pensive. As a solvent, it is used most commonly as a supercritical fluid (i.e., above its
critical temperature of 31.1 °C and critical pressure of 7.38 MPa). It is often used with
foods, for which it eliminates the possibility of leaving toxic residues of solvents. The
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use of supercritical carbon dioxide is further expanded as environmentally benign
solvents for extraction and fractionation, chemical reactions, polymeric synthesis,
material science, supercritical chromatography, painting, dyeing and cleaning, and
emulsions.

Ionic liquids are salts that melt below 100 °C. They have very low vapor pressures
and can dissolve many organic and inorganic compounds. Their density, viscosity,
solubility, miscibility, stability to water, thermal stability, and other properties can be
varied by the choice of cation and anion. Ionic liquids are being considered as green
solvents for various separation processes. Many syntheses, including aldol reactions,
cyclotrimerizations of alkynes, conversion of epoxides to carbonates, hydroformyla-
tion, hydrogenation ketal formation, oxidation, and ring-closing metathesis, have been
carried out using ionic liquids. Ionic liquids have also been used successfully in the
industry. PetroChina has a 65,000 tons/year plant for the dimerization of isobutene to
isooctene with an aluminum chloride—based ionic liquid followed by hydrogenation to
isooctane.

Auxiliary substances are used to promote a reaction, but incorporated into
the final product. Sometimes, they become part of the waste stream and may be
pose an environmental hazard. The use of auxiliary substances (e.g., solvents and
separation agents) should be made unnecessary wherever possible and innocuous
when used.

2.6 Design for Energy Efficiency

Each step of the chemical reaction or chemical process involves the transformation
and transmission of energy. Energy usage comes in many forms: heating, cooling,
sonication, high pressure, vacuum, and energy needed for separation and purifica-
tion of products. The use of electricity, light, ultrasound, and microwaves possess
advantages for many chemical reactions. Many chemical reactions must be heated
to obtain adequate rates. Catalysis provides an excellent tool for lowering energy
requirements in a particular reaction. Selectivity may be improved. The time required
for the reaction can occasionally be shortened dramatically, which would permit a
greater throughput.

Electricity is used on a large scale in the production of inorganic compounds such
as chlorine and sodium hydroxide. Light is environmentally benign. It can catalyze
some reactions that are difficult or impossible to run in other ways. Ultrasound can
help when there are two immiscible liquids. In this case, mechanical stirring for mac-
romixing may be combined with ultrasound for micromixing. The use of microwave
energy, instead of conventional heating, often results in good yields in very short
times. In the synthesis of zeolite MCM-41, heating for 80 min at 150 °C is replaced by
the use of microwaves for 1 min at 160 °C.
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Energy requirements of chemical processes should be recognized for their envi-
ronmental and economic impacts and should be minimized. If possible, synthetic
methods should be conducted at ambient temperature and pressure. The catalytic
synthesis of polyaspartate, which is non-toxic, environmentally safe, and biodegrad-
able, can be carried at a lower temperature, thus decreasing energy demands.

2.7 Use of Renewable Feedstocks

Most organic chemicals in use today are derived from nonrenewable petroleum,
natural gas, and coal. The utilization of benign, renewable feedstocks is a needed
component of addressing global depletion of resources. For a sustainable future, these
must be based on renewable resources from fields and forests. Renewable feedstocks
are often agricultural products, or they are waste from other processes. Biocatalysis
with renewable raw materials has become more popular with the recent escalation
of prices for oil and gas. Carcinogens and very toxic chemicals will be avoided where
possible. Energy-intensive processes will be avoided.

It may be possible to prepare valuable new materials from renewable raw
materials. It should be possible to make the plastics that we need from cellulose,
hemicellulose, starch, chitin, lignin, proteins, or other natural products. The major-
ity of these polymers and their derivatives will be biodegradable and compostable.
Biocatalysis and biosynthesis of chemicals have the potential to allow synthe-
sis under environmentally friendly conditions while achieving high specificity
and yield. Biocatalysis has proven effective in converting biomass to ethanol.
Synthesis gas is usually made from natural gas or petroleum. It can also be made
from biomass and from municipal solid waste. A recent method used flash evapora-
tion over a rhodium/cerium catalyst at about 800 °C with a contact time of <50 ms.
This mixture of carbon monoxide and hydrogen can then be converted to a variety
of materials by standard petrochemical methods using a variety of catalysts. The
1,3-propanediol can be produced from glucose or glycerol by biocatalysis. It is used
in making poly(trimethylene terephthalate), which is made from renewable raw
materials. A new route to tetrahydrofuran starts with furfural obtained by the acidic
dehydration of pentose sugars found in oat hulls, maize cobs, and other vegetable
waste. Catalytic decarbonylation gives furan, which is reduced to tetrahydrofuran.
Tetrahydrofuran can be polymerized to glycols used in making polyurethanes by
reaction with diisocyanates.

2.8 Reduce Derivatives

Derivatization, including use of blocking groups, protection/deprotection, and
temporary modification of physical/chemical processes, is a common method
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in the synthesis of fine chemicals, pharmaceuticals, pesticides, and so on. If an
organic molecule contains two reactive groups (e.g., hydroxyl, amine, or other reac-
tive group), and one wants to use only one of these groups, then the other group
has to be protected, the desired reaction should be completed, and the protecting
group should be removed. The protecting groups that are needed to solve a che-
moselectivity problem should be added to the reaction in stoichiometric amounts
only and must be removed after the reaction is complete. Because these protect-
ing groups are not incorporated into the final product, their use makes a reaction
less atom-economical. Therefore, one must avoid the use of blocking or protecting
groups, or any temporary modifications; such steps require additional reagents and
can generate waste.

2.9 Catalysis

If all the reactants are incorporated into the product in the case of no other reagents

and additional products, these stoichiometric reactions are environmentally benign.

However, for most stoichiometric reactions, it is more often the case that [5-6]

(1) One of the starting materials is a limiting reagent, and consequently, unreacted
starting material will be left over.

(2) One orboth of the starting materials are only partially needed for the end product,
and therefore the rest of the molecules go to the waste stream.

(3) Additional reagents are needed to carry out or facilitate the reaction, and
when the reaction is completed, those reagents must be discarded in the waste
stream.

One of the primary causes of waste generation is associated with the use of stoichio-
metric inorganic reagents. Manufacture of fine chemicals is rampant with antiquated
classical “stoichiometric” technologies, for example, stoichiometric reductions with
metals (Na, Mg, Fe, Zn) and metal hydrides (LiAlH,, NaBH,) and oxidations with per-
manganate or chromium(VI) reagents.

Catalytic reactions are preferred in environmentally friendly green chemistry
because of the reduced amount of waste generated, as opposed to stoichiometric
reactions in which all reactants are consumed and more side products are formed.
Catalyzed reactions have low activation energy (rate-limiting free energy of activa-
tion) than the corresponding uncatalyzed reaction, resulting in a higher reaction
rate at the same temperature and for the same reactant concentrations. Catalysts are
not consumed by the reaction itself. Catalytic reagents (as selective as possible) are
superior to stoichiometric reagents.

A catalyst works by providing an alternative reaction pathway to the reaction
product.
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The catalyst opens a selective route to the desired product. There are various
kinds of product selectivity. Chemical selectivity, or chemoselectivity, denotes a
situation where two different chemical reactions can occur, giving two different
products. Similarly, regioselectivity occurs when the same chemical reaction in dif-
ferent regions of the molecule leads to different products. When a reaction gives two
(or more) diastereomers, the selectivity to each of these is called diastereoselectivity.
In a special case when two products are mirror-image diastereomers, or enantiomers,
we talk about enantioselectivity.

2.10 Design 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.
The polymers and insecticides are problem of products not being biodegradable.

The durability of synthetic polymers, include polyvinyl chloride and polystyrene,
can present problems for wildlife and long-time disposal. More than 90% of the plastic
material in municipal waste are resistant to biodegradation. Aliphatic polyesters are
generally biodegradable. Aliphatic polyesters are not only naturally biodegradable
but also thermoplastic.

It is well known that farmers use different types of insecticides to protect crops
from insects. The ideal pesticide might affect only one pest species and nothing else.
The more widely used insecticides are organochlorides, organophosphates, and
carbamates. Organochlorides (e.g., aldrin, dieldrin, and DDT) are persistent for a
long time in the environment, which tend to bioaccumulate in many plant and animal
species, and incorporate into the food chain. Some of the insecticides cause the pop-
ulation decline and genetic aberration of beneficial insects and animals. Therefore,
in addition to the high efficiency of ideal synthesized insecticides, it is important that
during degradation, the products themselves should not posses any toxic effect on
human health.

2.11 Real-time Analysis for Pollution Prevention

Continuous process monitoring assists in optimizing the use of feedstocks and
reagents while minimizing the formation of hazardous substances and unwanted
by-products. Reaction condition can control the generation of unwanted by-products.
New analytical tools are needed for real-time industrial process monitoring and
for preventing the formation of toxic materials. Analytical techniques should be
so designed that they require minimum usage of chemicals. Placement of accurate
sensors to monitor the generation of hazardous by-products during chemical reaction
is also advantageous.
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2.12 Inherently Safer Chemistry for Accident Prevention

The challenge for the chemical industry is to reduce the incidence and severity of
accidents, waste, toxicity of chemicals, and the amount of energy used, while still
providing the goods that society needs. A number of accidents have been found to
occur in industrial units. The biggest accident happened in the chemical industry
when 40 tons of toxic methyl isocyanate escaped from a pesticide plant into a densely
populated area of Bhopal, India, on December 3, 1984. This resulted in 5,000 deaths
and 200,000 injuries. At the time of the accident, a refrigeration system and on-line
continuous monitoring of reactions were not functioning. As accidents cannot be
completely prevented, substances and the form of a substance used in a chemical
process should be chosen to minimize the potential occurrence of chemical accidents,
including releases, explosions, and fires. Furthermore, placement of accurate sensors
to monitor the generation of hazardous by-products during a chemical reaction is also
advantageous.
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3.1 Hydrothermal Synthesis
3.1.1 Introduction

Hydrothermal synthesis, also termed as “hydrothermal method,” includes the various
techniques of crystallizing substances from high-temperature aqueous solutions at
high vapor pressures.

Geochemists and mineralogists have studied hydrothermal phase equilibria since
the beginning of the twentieth century. Hydrothermal synthesis can be defined as
low temperature (<100 °C), medium temperature (100-300 °C) and high temperature
(>300 °C). Hydrothermal synthesis has been successfully applied in the preparation of
various zeolites and other porous materials [1].

Advantages of the hydrothermal method over other types of crystal growth
methods include the ability to create crystalline phases that are not stable at its
melting point. Also, materials with a high vapor pressure near their melting points
can be grown by the method. It is also particularly suitable for the growth of large
good-quality crystals while maintaining control over their composition. Disadvan-
tages of the method include the need of expensive autoclaves and the safety concern
during operation.

3.1.2 Principle

Hydrothermal synthesis usually takes metal salts, oxide or hydroxide aqueous
solution as the precursors, and makes the precursor solution to nucleate at super-
saturation, grow and form the material under higher temperature above 100 °C and
atmospheric pressure. The factors affecting hydrothermal synthesis include reaction
temperature, heating rate, stirring speed and reaction time. The flowchart of hydro-
thermal synthesis process is shown in Figure 3.1.

3.1.3 Application Examples of Hydrothermal Synthesis

1. Diamond Synthesis
Diamond has the highest hardness and thermal conductivity of any bulk material,
and its Mohs’ hardness could reach to 10 and elastic modulus to 460-542 GPa.
Those properties determine the major industrial application of diamond in
cutting and polishing tools and the scientific applications in diamond knives and
diamond anvil cells. While the amount of diamond in nature is limited, synthetic

https://doi.org/10.1515/9783110479317-003
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Figure 3.1: Process flow diagram of the hydrothermal synthesis.

diamonds are necessary. The typical process for synthetic diamonds includes
800 °C, 1.4 x 108 Pa, 3% nickel powder (particle diameter: 3 um, purity: 99.7%),
95% glassy carbon (particle diameter:3 pm) and 2% diamond (particle diameter:
0.25 pm) mixed with water, then react for 50-100 h under hydrothermal condi-
tion. The key issue is that Ni is used as the catalyst.

Preparation of titania nanocrystals

Nanotitanium dioxide is widely used in chemical industry, environmental treat-
ment industry, medicine and electronics industry because of its brightness, very
high refractive index and excellent light catalytic activity [1]. Hydrothermal syn-
thesis of titanium dioxide has the advantages of simple equipment and technol-
ogy, high product purity and so on. The typical process for preparation of titania
nanocrystals is as follows:

In a vessel containing dodecamine surfactant and deionized water, stir to
dissolute the surfactant, add acid or base to adjust the pH of the solution, then
rapidly add isopropyl titanium of 0.25 mol/L, and then stir for 30 min to get gel-
like precipitate, which endures a hydrothermal treatment in a Teflon-lined auto-
clave at 140 °C for 20 h upon constant magnetic stirring. After the hydrothermal
reaction, the titania nanotubes were filtered in vacuum, washed several times
with deionized water and dried at 80 °C for 6 h.

Molecular sieve preparation
There are various reports on the hydrothermal synthesis of molecular sieve.
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3.2 Sol-gel Method
3.2.1 Introduction

The process involves conversion of monomers into a colloidal solution (sol) that
acts as the precursor for an integrated network (or gel) of either discrete particles or
network polymers. There are several steps in process procedure, such as hydrolysis,
polymerization, gelling, dehydration and sintering [2]. Typical precursors are metal
alkyloxides or metal chlorides, which undergo hydrolysis and polycondensation reac-
tion to form a colloid. The sol-gel process is a wet chemical technique and can be
used for the fabrication of both glassy and ceramic materials.

Advantages: (1) The basic structure or morphology of the solid phase can range
anywhere from discrete colloidal particles to continuous chain-like polymer net-
works. (2) It can reduce the temperature of material preparation, allowing the synthe-
sis of ceramic, glass and other functional materials in a mild condition. (3) Rheology
facilitates the preparation of materials with various morphology and size, such as
membranes, fibers or particles.

Disadvantages: (1) Raw materials are expensive, and some are toxic. (2) The
whole process spends longer time, i.e., for several days to weeks. (3) There are a lot
of micropores in the gel. During the drying process, the gas and organic volatile will
emit, resulting in size change and even cause structural rupture of the material.

3.2.2 Principle

The main reaction steps of gelling is that the precursors dissolve in a homogeneous
solution, then hydrolysis or alcoholysis occurs to form particles that are around 1 nm.
These particles make sol, and then gel is obtained after drying.
1. Solvation
Metal cation M?* in the precursor could dissociate the absorbed water to form
solvent units of M(H,0),7" and releases H*:

M(H,0)#* === M(H,0),., (OH)“ +1H*,

2. Hydrolysis
Nondissociated precursor, such as metal alcohol salt M(OR), (R represents alkyl
group) reacts with water. The reaction could continuously proceed until M(OH),
is produced:

M(OR),, + xH,0 =—= M(OR),(OR),,, + xROH

3. Condensation
Condensation includes dehydration and polycondensation.
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Dehydration:
-M-OH+HO-M — M-0-M-+H,0
Polycondensation:

-M-OR+HO-M — M-0-M-+ROH

3.2.3 Application of Sol-gel Method

The traditional nuclear fission fuel ThO, microspheres often induce radioactive pol-
lution, and sol-gel method makes up for this problem [3]. The ThO, sol could be
obtained through following hydrolysis:

Th(NO,), + 4NH, - H,0

ThO, + 4NH,NO, + 2H,0

Nitric acid solution is often added to the sol prepared by dispersion, being every
1 mol Th at least adsorbs 0.1 mol nitric acid to make stable sol, then the electrolyte
was removed by dialysis. The process of ThO,sol by sol-gel method is as follows:
proper amount of ammonia was added into the thorium nitrate solution which
was vigorously stirred in order to achieve completely hydrolysis at 70 °C, the pH of
the final sol was 3.0, the viscosity was about 3 mPa.s, the particle size was 3—-4 nm
and the ionic surface was positively charged. Then, excess ammonia was added
further to make pH and viscosity increase sharply. The positive charges on the
particle surface decrease and the particle condensation energy barrier decreases
to form a gel.

The microsol droplets were prepared by the stable sol through the nozzle. After
ammonia treatment, they were collected in the gel column, NH,NO; on the gel surface
was washed out, and calcinated in air at 1,100 °C for 1 min in the air. The theoretical
density can reach to 99.0 %, which can be obtained at 1,700 °C for several hours
calcination by traditional methods.

3.3 Local Chemical Reaction Method

The local chemical reaction is referred to a process of solid materials preparation
by locochemical and local regular reaction. It featured that reactivity is controlled
by the structure of reactants, and the main structure is basically kept unchanged.
This provides new path for the synthesis of materials under mild condition [4, 9].
The structure of the product is firmly related to the raw materials. This method can
prepare some solid materials which can be made or hard to make by other processes.
It includes dehydration, intercalation, ion exchange reaction, decomposition and
oxidation-reduction reaction.
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3.3.1 Dehydration

A dehydration reaction is a chemical reaction between two compounds where one
of the products is water. For example: the preparation of unique crystal structure
(Mo,_,W,05) is finished by the dehydration reaction. Solid chemists have discovered
that WO; with ReO; structure can accommodate the layered MoO; and form a special
kind of coplanar crystalline state. By means of the isomorphism of the hydrates
Mo0s-H,0 and WOs;-H,0, Mo0O; and WO; was first dissolved in concentrated acid, and
the mixed solution was allowed to crystallize to give Mo, ,W,05-H,0 hydrate solid
solution crystal. It was modified at 500 K by dehydration to form Mo, ,W,0; crystal
with a modulated structure.

3.3.2 Intercalation

The intercalation is a reaction that directs some foreign ions or molecules into
the solid matrix lattice without inducing a significant change in the structure
of vigilance. The intercalation usually occurs in layered compounds, sometimes
accompanied by redox reactions. The interlayer interactions between layers are
very weak, and the chemical bonds in the layers are very strong. As a result,
foreign ions or molecules are easier to form new compounds from intercalation.
The inverse process of the intercalation is deintercalation. The intercalation has
become an effective method for the construction of new materials, and has been
applied in the synthesis of superconductor, electrolyte and membrane catalytic
materials.

The main body of the intercalation reaction exists in the form of solid, and the
external ions exist in the form of liquid and gas. There are four ways to process
intercalation: (1) Direct reaction of the same intercalation agent; (2) electrochemical
intercalation using cathodic reduction; (3) solvation of three-member compounds
(A,MCh,); and (4) exchange reactions between cations and solvent.

1. Preparation of cathode materials for lithium ion batteries
Lithium ion batteries have been developed rapidly in recent years due to their
unique properties such as high voltage, small size, light weight and no memory
effect. With the Li(OAc)-2H,0 and Mn(NO,),-6H,0 as the starting material, first
heat them at 100 °C to melt the mixture evenly, then the Li-Mn-O precursor
was obtained at 250 °C with an oxygen flow, and calcinated at a certain tem-
perature to obtain Li, ,Mn, ,0, with particle size ranging from 0.1 to 2.0 ym.
When x = 0.125, Li/ Li,_,Mn,_,O, demonstrates good electrochemical properties
at4.0 V.
2. Synthesis of new microporous materials

Clay and some hydrogen phosphates (such as zirconium phosphate) are layered

compounds, Their porous materials can be prepared by embedding inorganic
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compounds (such as [Al;0,(0H),,(H,0),,], silane and colloidal particles (such as
Cr,0s, Zr0,). This is a new way of pore forming, which opens up a new way for the
synthesis of new catalytic materials. The basic process is to mix the embedded
material solution with clay or hydrogen phosphate, and proceed the embedded
reaction at a given pH and temperature condition, and then the embedded prod-
ucts are heat treated for making the embedded material to cross-link with layered
clay or hydrogen phosphate. As the embedding amount of substance is signif-
icantly affected by the upper layer or between, this determines the embedding
amount of substance is limited. At the same time as the embedded material has a
certain size, after cross-linking, two layers were enlarged by the intercalate like a
pillar to form a new channel. A new type of microporous material with different
pore size and distribution can be obtained by choosing various embedded mole-
cules or atom groups.

3.3.3 lon Exchange Reaction

Ion exchange reaction refers to the topochemical reaction in which a material with
exchangeable ion is modified by ion exchange process. This approach provides
a unique way to prepare solid materials that many other methods can’t succeed to
prepare such as clay, molecular sieves and some oxide materials.
1. The synthesis of new oxide materials

LiNbO,+H*>HNbO,+Li*

LiTaO;+H*>HTa05+Li*

LiNbWO¢+H*->HNbWO+Li*

LiTaWO,+H*->HTaWO+Li*

HTiNbOs, H,Ti;0,, H,Ti,0,and HCa,Nb,0,,and similar oxides can also be prepared
through hydrogen ion exchange. These oxides have enough acid and can be used
for embedding.

2. The preparation of solid acid catalysts or carriers
Layered hydroxide has strong ion exchange capacity; its exchange process is as
follows:

LDH-A+X LDH-X+A

In recent years, studies found that anion exchange layered hydroxide was a fairly
effective catalyst. When tungsten phosphorus compound containing transition
metal, Li and Co is introduced into zinc and aluminum hydroxide, the newly
formed compounds show the characteristic of a strong acid. In addition, the
catalytic activity of Zn,Al-heteropoly acid compound is higher than that of HY
molecular sieve.
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3.3.4 Isomorphous Substitution

Isomorphous replacement is referred to a reaction that a new compound is formed by
ion exchange reaction while the matrix structure remains unchanged. It is similar to
ion exchange reaction to some extent, but has some differences: in the porous material
with exchangeable ion, ion exchange reaction occurred in foreign ions with the ions
in the cavity, while the isomorphous replacement takes place between foreign ions
and the skeleton elements.

Isomorphous replacement reaction can proceed commonly by a gas-solid or
liquid—solid reaction. Usually a higher temperature is required for gas—solid reaction,
as the foreign ions are required in gas state. Liquid—solid reaction temperature can be
lower as the foreign ions are in a liquid. This method plays an important role in the
modification of some catalytic materials, such as molecular sieves for the develop-
ment of new catalytic material.

Aluminum phosphate (APO) molecular sieve is a new type of molecular sieve
catalyst. It is composed of Al>* and P** through the oxygen connection with channel
3d frame, and it is only a weak acid. The introduction of heteroatoms to phosphate
molecular structure will improve its acidity. Valence of the heteroatoms, ways of intro-
ducing and aluminum phosphate amount will have effect on the properties of mod-
ified aluminum phosphate molecularsieve. The SAPO-25 molecular sieve, MAPO-25
molecular sieve and MSAPO-25 molecular sieve were synthesized by this method.

3.3.5 Decomposition

Decomposition was characterized by the decomposition of reactant to give product.
Decomposition can be in accordance with the local chemical reaction or nonlocal reac-
tion. The materials used as precursor in the reaction are usually the compounds that are
easy to decompose, such as carbonate, nitrate, organic metal complexes and cyanide. So
many preparations have been done through decomposition reaction of solid materials.
1. Precursor thermal decomposition to prepare metal oxide nanorods
First, prepare a mixture of surfactant and oxalic acid metal salt precursor, and
then the oxalate precursor is decomposed to oxide nanorods at appropriate cal-
cination temperature.
2. Organic template removal
In the process of zeolite synthesis, the organic template used is removed by
decomposition, and the real channels were formed in a molecular sieve without
the disruption of molecular sieve frame structure.

3.3.6 Redox Reaction

Redox reaction is referred to as the redox reaction of transition metal elements for the
synthesis of solid materials. Its essence is to change coordination unit of the transition
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metal ions through the electronic gain loss, resulting in a new structure, forming dif-
ferent stationary phase interface. This effect is achieved by controlling the oxidation
and reduction atmosphere. Mesostabilized metal oxide (such as La,0;, NiO and CoO)
cannot be obtained by ceramics preparation process, but it can be made conveniently
through a redox reaction.

For example:

2LaNiO;+H, —————— La,Ni,05+H,0

2LaCo05+H, La,Co0,05+H,0

3.4 Low-temperature Solid-phase Reaction
3.4.1 Introduction

The solid-state reaction is referred to a reaction of the solid participation, including
mainly solid-solid reactions [5-9]. Low-thermal solid-phase reaction is considered
as a solid chemical reaction to proceed at room temperature or near-room temper-
ature. According to the number of reactants, solid-phase reaction can be divided
into one-component solid-phase reaction and multicomponent one. In industrial
applications, the solid-phase reaction has a short production cycle without solvent
employment, high selectivity, high purity of the product, and easy separation and
purification of the product.

3.4.2 Mechanism of Solid-phase Reaction

1. Reaction mechanism

Like liquid-phase reaction, solid-phase reaction is initiated from the diffusion
contact of two reactant molecules and then proceeds a chemical reaction to create
product molecules. Now the product molecules are dispersed in the matrix of reac-
tants. It can appear crystal nucleus of product when the molecules gathered to a
certain size, thus completing the process of nucleation. It appears independent
crystallographic orientation when the crystal nucleus grown up to a certain size.
Solid-phase reaction is composed of diffusion, reaction, nucleation and growth.
But different stages have different rates in different systems or the same reaction
system under different reaction conditions. Thus we can’t clearly distinguished
every stages. Overall reaction characteristics only show the response characteris-
tic of the rate control steps. In general, the rate control step of high-temperature
solid-phase reaction are diffusion and nucleation growth, while the rate control
step of low-thermal solid-phase reaction may be chemical reactions.
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2. Law of the chemical reaction

1

2)

3)

The incubation period

Multicomponent solid-phase reaction starts at the contact part of the two
phases. When the reaction product layer is formed, reactant mass transfer in
the form of diffusion through the product is to keep the reaction continuing.
And this diffusion in most solids is slower. At the same time, product can only
be nucleated when it is gathered to a certain size. Solid diffusion between the
reactants and the products nucleation process make up the special incubation
period of the solid-phase reaction. The two processes are affected by temper-
ature significantly. The higher the temperature, the faster the diffusion, the
faster the product nucleation, and the shorter the incubation period is. On the
contrary, the incubation period is longer.

Nonchemical equilibrium limitation

According to the knowledge of thermodynamics, if the reaction changes
a little, the system Gibbs function will change correspondingly. Even if the
reaction is proceeded under the isothermal and constant pressure, its molar
Gibbs function will also change. We suppose to participate in the reaction of
N kinds of substances with n kinds of gases, and the rest is pure condensed
phase (pure solid or pure liquid). And the gas pressure is not high, so it can
be seen as an ideal gas. Obviously, when the reaction of gaseous substances
are involved in the reaction, it does have an effect on reaction Gibbs func-
tion. When gases are products, the gases escape and partial pressure becomes
small. Thus once the reaction begins, the Gibbs function of reaction system is
less than zero and can maintain until all the reactants are consumed. When
the gases are reactants, the Gibbs function can be less than zero as long as
they maintained certain pressure after the start of the reaction, making all
the reactants convert into products. When some of these gases are reactants
and some are products, we can also make the reaction to end by keeping a
constant pressure of gas reactants to have certain pressure and the gaseous
product components escape from the system. Therefore, solid-phase reaction
can be proceed completed with no chemical equilibrium limitation.
Topological chemical control principle

In solution, the reactant molecules are surrounded by solvents and an even
molecular collision opportunity is achieved; hence, the reaction is mainly
decided by the molecular structure of the reactants. But in the solid-phase
reaction, the crystal lattice of solid reactant is high-ordered array, lattice
molecules moving is more difficult. It can provide the appropriate reac-
tion centers when appropriate orientation of the molecules on the crystal
is enough. This is a unique topological chemical control principle to solid
instead. For example, it tends to be highly symmetrical in the solution of
planar-type atomic cluster compounds when MoS,> and Cu* react. But in
solid reaction, first it often generates class cubane structure of atomic cluster
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compounds. This may be related to MoS,> on the crystal surface, and an S
atom is buried deeply in the lower level of lattice.

4) Distribution of reactions
In solution, complexes need to be balanced step by step. All kinds of coordi-
nation compounds can coexist and be balanced. For example, metalions M
and ligand L have the following balance:

M+L <— ML+L <~ ML+L — ML3+L <~ ML;+L — ...

Concentration of various intermediates is related to the pH of ligand solu-
tion. As there is often no chemical equilibrium in solid-state reaction, we can
achieve reaction step by step to obtain the target compound by controlling
the reactant ratio accurately.
5) Intercalation reaction

The intercalation can occur in solids (such as MoS,, TiS, and graphite) that
have lamellar or sandwich structure, producing intercalation compound as
there is enough distance between the layers of the material to be embedded.
For example, Mn(OAc), and oxalic acid first embeds in the reaction to form
intermediate intercalation compounds, and then produces the final product.

3.4.3 Applications of Low-temperature Solid-phase Reaction

1.

The manufacture of printed circuit board

The basic process of the traditional printed circuit board manufacturing includes
sequential processing in aqueous solution: @ sensitization in SnCl, aqueous solu-
tion and surface activation of palladium sediment particles; @ copper chemical
plating, deposition of copper on the surface of an insulating plate with trailing
particles in the presence of formaldehyde; and & electroplating copper. During
these stages, water is used to wash repeatedly, and the heavy metal ions (Cu*,
Sn*, Pd* etc.) were brought into the wastewater and induced serious pollution.
Although copper in the third stage in waste liquor can be recovered, the copper
in the waste liquid of the second stage is in the form of complex, and the con-
centration is very low, so it cannot be recovered. It is provided that producing 1.0
m? circuit boards will make more than 0.1 g Pd loss, greatly increasing product
expense.

Solid-phase synthesis technology provides a new process for the manufac-
ture of printed circuit boards. Its key step is the solid decomposition of copper
hypophosphite, this makes the lively copper deposit on the insulation board to
facilitate the following copper plating. This process eliminated the pretreatment
of SnCl, solution, the surface activation and washing of Pd particles, and the
process of copper electroplating. It doesn’t require precious metal Pd; hence, it is
more economical and environmental friendly.
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2. Preparation of industrial catalysts

The principle of topological chemical control is one of the characteristics of
solid-phase reaction. The molecular design of the final product can be achieved
by selecting different structure precursors. This has been demonstrated in the
preparation of some important industrial catalysts. For example, we compose the
oxide catalyst (amorphous V,0;) with unique structure and properties by using
complexes as precursors. Amorphous V,0; is commonly used as a catalyst for the
oxidation of SO, to SO; in industry. In the traditional process, V,0s is prepared by
the decomposition of NH,VO; In NH,VO,, VO, tetrahedral forms long chains, so
the thermal decomposition product V,0; also retains the long-chain and crystal-
line structure. Therefore, other methods are needed to convert V,0; from crystal-
line to amorphous. And the VO, tetrahedral in amorphous V,0s is spaced apart
and has no long-chain structure. Selection of precursor complexes in accord-
ance with the structural characteristics — (NH;CH,CH,CH,NH;),V,0;-3H,0.
The highly reactive amorphous V,0; with an average particle diameter of
about 100 nm was prepared by thermal decomposition. The anion V,0;% is
separated by a large cation (NH;CH,CH,CH,NH;)?* in the complex precursor.
This feature is retained in the product structure during the thermal decompo-
sition process.

3.5 Rheological Phase Reaction
3.5.1 Introduction

In the seventeenth century, British scientists Hooke and Newton’s study of elastic
solid and fluid flow established material viscoelastic theory [4]. In 1929, the Amer-
ican chemist Bingharm E. C. put forward the concept of “rheology.” It studied the
relationship between the stress, deformation and time of a substance. People usually
identify the solid or liquid based on low stress response of gravity and the observed
time interval is usually a few seconds to a few minutes.

If a very wide range of stress is applied in a very wide range of time or frequency
spectrum, using rheological instrument, we will observe liquid nature in a solid or
the solid nature in a liquid. Therefore, sometimes it is very difficult to make sure a
material is a kind of solid or liquid, and rheological system can be disguised as a
homogeneous system solid-liquid coexistence.

Ju-tang Sun and others combined closely rheology with chemical reaction. They
first proposed the concept of “rheological phase reaction” and introduced rheologi-
cal technology in synthetic chemistry. Rheological phase reaction refers to a reaction
system in which a rheological phase exists. It is a soft chemical synthesis method with
the combination of rheology and synthetic chemistry.
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3.5.2 The Principle of Rheological Phase Reaction

Rheological phase reaction is a kind of process for preparing new compounds
by rheological mixing process. Adding water or other solvent to the solid reac-
tants to prepare a viscous mixture of solid particles and liquid material with
even distribution, and then reaction takes place under appropriate conditions to
obtain the required product. Rheological system generally has complex chemical
composition or structure, and shows the dynamic properties of both solids and
liquids. In the physical composition, contains both the solid particles and liquid,
and can be considered as a macrouniform complex system of flow or slow flow
characteristic.

The uniform mixture of solid and liquid as a rheological body has many advan-
tages, such as effective utilization of solid particle surface area, and the tight and
uniform contact with solid, good heat exchange without local overheating and easy
to adjust the temperature. In this state, many substances will demonstrate some
super-concentration phenomena and new reaction characteristics. Rheological phase
reaction is a kind of energy-saving, high-efficiency and pollution-reducing green syn-
thetic route.

3.5.3 Applications of Rheological Phase Reaction

1. Preparation of magnesium phthalate
The given amount of magnesium oxide and benzoic acid is mixed evenly, then
add appropriate amount of distilled water to adjust the reactant into a rheological
phase and put into a reactor. The reactor was controlled at 100°C to react for 14 h,
then the product was washed three times with anhydrous ethanol and dried at
120°C for 3 h, and magnesium benzoate was obtained.

2. Synthesis of rare earth spinel SnY,0,
Accurately weigh yttrium oxide, stannous oxide and oxalic acid in the mass ratio of
1:1:4.1. The mixture was added in a mortar and finely grounded, and then moved to
the reactor, and finally a small amount of distilled water was added to form a rheo-
logical phase, followed by the reaction at 100 °C for 10 h. The sample was removed,
washed with distilled water to remove excess oxalic acid, dried, grounded and kept
in a desiccator. The thermogravimetric analysis of the precursor was conducted at a
temperature rate of 20/min in a Shimadzu DT40 thermal analysis apparatus (nitro-
gen flow rate is 50 mL/min) to determine temperature of the oxide formation by
precursor decomposition and the intermediate production. The precursor is placed
in a reaction vessel of porcelain and is heated in a tube furnace of up to 550 °C and
a temperature of 700 °C for 10 h. A powdered product is obtained. The valence of
tin in the final product was determined by X-ray photoelectron spectroscopy.
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3.6 The Precursor Method
3.6.1 Summary

The precursor method is to synthesize a precursor with a desired composition, struc-
ture, and chemical properties by accurate molecular design, and then treat the pre-
cursor under mild conditions to obtain the desired material. The key lies in the molec-
ular design and preparation of precursors.

In this method, people usually choose some inorganic compounds (such as
nitrate, oxalate, carbonate, hydroxide and cyanide complexes), and organic com-
pounds (such as citric acid) to prepare precursor with metal cations required. In a
precursor, the reactants are present in the stoichiometric relationship that is required
to overcome the problem of uniform mixing of reactants in the process of ceramics
preparation. The process of making pottery is usually to react directly with solid mate-
rials at a high temperature, while in the precursor method, first a precursor is made,
and then the product is obtained by calcination.

Complex metal complexes are a class of important precursors that are usually
synthesized in solution, and their compositions and structures can be well controlled.
These compounds are generally decomposed at 400°C to form the correspond-
ing oxides. This provides a way to prepare high-quality composite oxide materials.
Another precursor is metal carbonate, which can be used to prepare highly homoge-
neous oxide solid melt. A lot of metal carbonates are isomorphic, such as calcium,
magnesium, manganese, iron, platinum and zinc, with same calcite structure. It can
be used to prepare a certain group of metal carbonates by recrystallization, followed
by heat treatment at low temperature, and finally get the uniform composition of
metal oxide solid melt. The cathode material LiCoO,, LiCo,_,Ni,O, of lithium battery is
prepared by carbonate precursor.

The precursor method is characterized by a high degree of uniformity of mixing,
an accurate ratio of the amount of the cationic substance and a lower reaction
temperature. In principle, the precursor method can be used in a variety of solid-state
reactions, but for some reactions, it is difficult to find a suitable precursor. The
method does not apply to the following situations: 1. The solubility of the two reac-
tants in water is very different; 2. the reactants do not crystallize at the same rate; and
3. formed oversaturated solution.

3.6.2 Application of Precursor Method
1. Synthesis of spinel ZnFe,0,
The mixed solution of ng.:n, = 2:1 of zinc nitrate and iron nitrate was prepared and

to react with oxalic acid to form iron and zinc oxalate coprecipitate. The result-
ing coprecipitate is a solid melt, which contains cations that have been mixed
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at atomic scale. The oxalate precursor was calcinated to obtain ZnFe,0,. Due to
the high degree of homogenization of the mixture, the reaction temperature can
be reduced a lot, such as the reaction temperature for ZnFe,0, is about 1,000 °C.
The reaction is as follows:

Zn?+2Fe3+4C,0,2 = ZnFe,(C,0,).
ZnFeZ(C204)4 = ZHF8204 + 4CO /I\+ 4C02/I\

3.7 Melting Method

Melting method refers to material synthesis at high temperatures (200-600 °C) in the
melting system. For example, the preparation of a low-dimensional structure of metal
chalcogenide. Chalcogenide elements (sulfur, selenium and tellurium) usually have
a variety of structures, such as atomic clusters, atomic chain or a layered compound.
The structure with metal ions can construct a variety of fiber materials having pecu-
liar photoelectric properties. Because the material is easy to decompose, solid reac-
tion method or vapor deposition method can’t be used. In addition, a simple solution
reaction can only obtain the smaller powder solid. In recent years, those materials
have synthesized by melting method. For example, using polysulfide potassium,
molten salt reacts with copper; some low-dimensional sulfide can be obtained; CuS
can be obtained above 350 °C; KCu,S; can be obtained at 250-350 °C; and a-KCuS, and
B-KCuS, can be obtained at 250350 °C, respectively.

3.8 Chemical Vapor Deposition
3.8.1 Introduction

Chemical vapor deposition (CVD) is conducted by introducing one or more gases com-
posed of the target material into the reaction chamber to form the desired product [4,
9, 10]. CVD for material synthesis has the following features: @ to prepare a material
in a temperature far lower than its melting point; @ accurately adjust the composi-
tion of the material when two or more reactants were used; ® to control the crystal
structure of materials; @ to control the morphology of materials (powder, fibrous,
dental, tubular, block, etc.); ® don’t need sintering additives to prepare high purity
and high density material; (® structure control can be generally from micron grade
to submicron, and under certain conditions can reach nanoscale; @ complex-shaped
products can be made; ® can carry out the coating to the substrate in the form of
complex; ® the gradient coating and multilayer coatings can be achieved; @ ability
of metastable substances and new material synthesis, usually the CVD technology
is a kind of thermal CVD, with deposition temperature of 900-2,000 °C, depending
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on the characteristics of thin-film materials. This technology has been widely
used in composite material synthesis, machinery manufacturing, metallurgy and
other fields.

3.8.2 The Principle of CVD

There are two main types of chemical reaction of CVD: one is through a variety of
reactions between the initial gases to generate the deposit and another is by gas-
phase reaction between a component and the substrate surface to deposit. CVD sedi-
ment formation involved all kinds of chemical equilibrium and kinetics, the chemical
process design, CVD reactor process parameters (temperature, pressure, gas mixing
ratio, gas flow rate and gas concentration), gas properties, basic performance and
the function of matrix factors. Considering all the factors used to describe the com-
plete CVD process model is almost impossible; therefore, some simplification and
hypothesis must be made. Among them, the most typical one is the concentration
boundary-layer model (see Figure 3.2). It is simple to illustrate the main phenomenon
in CVD process - the process of nucleation and growth.

The driving force of thermal CVD is heat. Figure 3.3 shows the basic principles
of thermo-CVD. A represents solid raw materials, B represents matrix material,
C represents carrier gas; T, represents the temperature of the reaction of A and C; T,
is the decomposition temperature of both A and C. A generated on B when temper-
atureis T..

Because of the high temperature needed in the thermal CVD, and special require-
ments to the substrate material, these limit the application of CVD technology.
Therefore, CVD technology is to develop in the direction of low temperature and high
vacuum, in combination with plasma technology and laser technology.
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Figure 3.2: Diagram of concentration boundary-layer model.
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Figure 3.3: Basic principles of thermochemical vapor deposition.

3.8.3 The Application of CVD Method

1. Preparation of TiO, thin film on glass substrate

With four isopropyl alcohol titanium as the precursor and N, as carrier gas,
after dehydration by molecular sieve, reactants vaporized at inner evapora-
tor were spread into the substrate of 5 mm x 5 mm glass to deposit and form
a film in a reactor with a nozzle [11]. During the deposition process, the flow
rate of carrier gas was kept at 1.0 L/min; the substrate and nozzle distance is
25 mm. If the substrate temperature is 350 °C, reactant vaporization temper-
ature change has no effect on phase of TiO, thin film. With the increase of
reactant vaporization temperature, crystallization degree of TiO, film gradu-
ally gets better. When the evaporation temperature is 200 °C, sediment grain
size becomes small to pile. When vaporizing chamber temperature is 140 °C, N,
flow rate is 1.0 L/min, and deposition temperature has an effect on the phase
and microstructure of TiO, film. When the deposition temperature is not higher
than 300 °C, amorphous thin film is formed; when the deposition tempera-
ture is 300—400 °C, thin film is of an anatase structure. When the deposition
temperature is above 450 °C, a small amount of rutile structure appeared in
the film [12-17].

3.9 Polymer Template Method
3.9.1 Introduction

The template method is to use the material with nanopores and cheap and easily
obtained as the template,to import the target materials or precursor to the nanopore,
and react to obtain the material with the same morphology and size of the template.
And finally obtain novel materials with micro- and macrostructures controlled. This
method is called the template method [18-21].

Commonly used templates include porous glass, molecular sieve, macroporous
ion exchange resin, polymer and surfactant. Depending on the type of the micropores
used in the template, people can prepare various shapes of materials, such as granu-
lar, tubular, linear and layered structure. Polymer template has the characteristics of

printed on 2/13/2023 6:03 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

3.9 Polymer Template Method =——— 57

various types and is easy to remove by changing the type, concentration or proportion.
Many kinds of nanometer materials can be built (such as nanoparticles, nanowires
and nano-mesoporous materials).

The main characteristics of polymer template method include: @ most templates
can be easily synthesized and available, and their nature can be precisely controlled
in a wide range; @ synthetic process is relatively simple and mass production is prac-
tical; ® the stability of size and dispersion problems can be overcome simultane-
ously; @ especially suitable for one-dimensional nanomaterial preparation, such as
nanowires and nanotubes, polymer template method has become the most important
nanomaterial synthetic method. Polymers used as templates include natural poly-
mers and synthetic polymer resins.

3.9.2 Applications of the Template Method

1. The synthesis of hydroxyapatite (HAP)

HAP has good biocompatihility, strong ability of adsorption and exchange func-
tion, effects of temperature and humidity sensitivity. Columnar, whisker and
flake types of HAP can be used to prepare biomedical functional materials and
polymer matrix composites. Porous HAP can be used as catalyst, as catalytic
carrier, for the separation of proteins or enzymes and as green environmental
protection material. Granular, columnar and flake HAP can be used as smart sen-
sitive material.

The preparation of HAP with template method is described as follows: the
pre-mixed and accurately weighed diammonium phosphate and calcium nitrate
hybrid sol is mixed with urea, poured in soluble organic templates (starch, colla-
gen and dextrin) at room temperature, then the mixture is put into an autoclave
and slowly heated to 110 °C and reacted for 8 h at the temperature. After reaction
ends, the reaction solution is filtered and the residue was dried at 100 °C for 5 h,
to obtain a white, fluffy HAP powder.

2. Nanosilver synthesis with natural polymer as the template

Because polyhydroxy polymer can form supermolecules by hydrogen bonding, it
can be used as a template to guide the growth of nanocrystals. Starch is a kind of
natural polyhydroxy biopolymer. More importantly, by simple processing, starch
can be dissolved in water. It can avoid using organic solvent, and thus it is used
in the pollution-free, nontoxic green synthesis of nanoparticles. For example,
mix up a given concentration of AgNO; solution and soluble starch solution, then
add a certain amount of glucose and react for 20 h at 40 °C with the protection
of Ar, and finally silver particles of around 4 nm diameter were obtained. This
indicated that starch solution plays a key role in controlling the nanometer metal
particle size.
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Questions

v oA

©® N

10.

Explain the principles of hydrothermal synthesis methods and its application areas.
Explain the main steps in sol-gel process and their functions.

What kinds of reactions are included in local chemical reaction and their char-
acteristics?

Explain the principle of low-temperature solid-phase reaction.

To elucidate the principle and procedure for the preparation of amorphous V,0;
catalyst.

To elucidate the rheological phase preparation procedure of copper diphthalate.
To elucidate the factors influencing the CVD.

What properties should the polymer template possess?

To elucidate the principle and procedure for the preparation of nano-silver with
starch as the template.

To elucidate the principle of ionic exchange method.
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Organic synthesis is the key to the preparation of new organics with specific func-
tions. These substances with specific functions can be used as pharmaceuticals,
fuels, various fine chemicals and organic chemical raw materials. As the organic
reaction conversion is generally not high, the organic reaction processes bring more
pollution. The study of the green technology of organic synthesis is of importance for
maximizing the efficiency of the synthesis process and minimizing the process pol-
lution. This chapter focuses on the basic content, principles and applications of the
green technologies commonly used in various organic reactions.

4.1 Efficient Chemical Catalytic Organic Synthesis

The organic reaction rate is generally slow and the product yield is low, so most of
the organic synthetic reaction process (85%) employed a catalyst to improve the effi-
ciency of a reaction process. Therefore, the choice of excellent catalyst for the syn-
thetic process has a key role in promoting the overall efficiency of a process.

4.1.1 Organic Synthesis with Solid Acid Catalysts

1. Solid superacid catalyst
1) Introduction

Solid superacids are solid acids whose acidity is higher than the acid strength

of 100% sulfuric acid [1-3]. The acid strength is commonly expressed as an

acidity function H, of the Hammet indicator, H, = pK,. At present, 100% sul-

furic acid has been measured as H, = —11.93. Thus, a solid acid of H, < -11.93

can be regarded as a solid superacid. The smaller the H, value is, the greater

the acid strength becomes. Solid superacids can be divided into three types.

(1) Metal oxide-supported solid superacids (SO,>/M,0,), such as SO,/
TiO,, SO,>/AlLQ; and the type of composite oxide carrier, such as SO,>/
TiO,-ALO;. These catalysts possessed a high catalytic activity, noncorro-
sive, high temperature stability and reusable characteristics, and they
are suitable for all reactions that require strong acid catalysis.

(2) Strong Lewis acid-supported solid superacid mainly refers to BF;, AlCl,
and SbF; and other components loaded on porous oxide, graphite and
polymer carrier, such as AlCl;/ion exchange resin and BE/SiO,. The
Lewis acid and the carrier are mainly bounded by physical and chemical
adsorption. This kind of catalyst has the problem of dissolution of the
active components, and halogen atoms have a strong corrosion effect on
the equipment and are not suitable for working at higher temperature.

https://doi.org/10.1515/9783110479317-004
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Other types of solid superacid such as hetero-poly acid, molecular sieve
and acidic polymer resin.

The formation of SO,2/M,0, solid superacid center is mainly due to
the coordinative adsorption of SO, on the surface of the solid oxide,
resulting in the electron cloud in the M-O bond to strongly shift to
produce a strong Lewis acid center which adsorbs water molecule. The
center has a strong attraction for the electrons in water molecule, so
that it dissociates and produces proton acid center.

Solid superacids undergo catalytic reactions following a positive
carbon ion mechanism. In general, factors that affect the activity of the
catalyst (expressed as conversion or selectivity) include reaction tem-
perature, pressure, reactant ratio, space velocity, catalyst, particle size
and reactor types. In addition, the physicochemical properties (such
as specific surface area, pore volume, pore size and active component
distribution) of the catalyst itself are a prerequisite for determining the
activity of the catalyst.

The main factors influencing the activity of SO,>/M,0,-type cata-
lysts are metal compounds, precipitates, crystal forms of metal hydrox-
ides, solvents, SO,* introduction and their concentration.

/M, 0, preparation method

Precipitation impregnation method. Precipitation impregnation method
is currently the most widely used method for the preparation of SO,>/
M,0,. The method has the advantages of simple process, easy operation
and low raw material price. It includes direct precipitation, homogeneous
precipitation and co-precipitation. The precipitation method is to react
with an appropriate metal salt solution with the alkali to form a hydrox-
ide precipitate, then filtered, washed, dried and calcinated to obtain the
target metal oxide, and then impregnated it with H,SO, solution, filtered
and calcinated to obtain solid superacid. The precipitant used is alkali
or hydroxylamine, pH is 9-11. For example, the preparation of SO, /TiO,
catalyst is the reaction of TiCl, with dilute aqueous ammonia to produce
white Ti(OH), precipitate, which is filtered, washed, dried and pulverized
to obtain TiO, and impregnated with 0.5 mol/L H,SO, solution for 12 h, acti-
vated at 500 °C for 3 h, SO,>/TiO, solid superacid catalyst was obtained.
Sol-gel method. Sol-gel method is to make an organic metal salt (or
inorganic salt) dispersed in the solution, its hydrolysis to produce active
monomet, and then the active monomer to polymerize into a sol, aging
it to produce a certain structure of the gel. Finally, the gel was dried and
calcinated to form metal oxide carrier, and then it is impregnated with
H,SO, solution, filtered and dried and calcinated to get the solid super-
acid. The method is characterized by large specific surface area and the
uniformity of the catalyst particles. However, the preparation period is
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longer, generally takes a few days or tens of days to complete an oper-
ation run, and the preparation cost is high. For example, the prepara-
tion procedure of SO, /ZrO, catalyst is as follows: isopropyl alcohol is
added dropwise to the propanol solution of tetrapropyl titanate and a
small amount of nitric acid as a catalyst. The sol was hydrolyzed at the
temperature of 150 °C for a certain time to obtain the gel. The gel was
dried at 420 °C, pulverized, immersed in H,SO, solution and calcinated
at 550 °C to obtain SO,>/Zr0, solid superacid. The specific surface area
is 188 m?/g, which is 50% larger than that of the sample prepared by
precipitation impregnation method.

In a sol-gel process, the obtained catalyst will have better perfor-
mance if combined with supercritical fluid drying techniques.
Solid-phase synthesis. The solid-phase synthesis is referred to as a solid
superacid as it is prepared by mixing a metal salt and a metal hydrox-
ide in a predetermined ratio and then firing to obtain a corresponding
metal oxide. The method has the advantages of simple equipment and
process, easy control of reaction conditions, high yield and low cost, but
the product size is not uniform and easy to agglomerate, thus affecting
the acidity distribution and activity of the catalyst. Hino conducted the
solid-state synthesis of Pt-S0,2/ZrO, solid superacid. The preparation
process was as follows: The dry Zr(OH), powder was immersed in H,PtCl,
solution, dried at 200 °C, mixed with (NH,).SO, powder and calcinated
at 600 °C for 3 h to obtain Pt-SO,%/Zr0O,. The experimental results show
that the stability of the catalyst can be improved greatly by loading Pt.

3) Applications of solid superacid catalyst

@

@

Alkylation. Alkylation is an important process for the preparation of
surfactants, alkyl benzene, antioxidants and other aromatic hydrocar-
bons [4-5]. These reactions are all strongly acid-catalyzed processes.
Traditionally, H,SO,, HF and AICl; have been used as catalysts; at
present solid superacid has been used in the alkylation process. In the
alkylation of isobutane and butene with SO,>/Zr0, as catalyst, the con-
version of butene can reach 100%, and the content of Cq in the product
is more than 80%.

Esterification. Solid superacid has been successfully used in the
esterification process to synthesize various esters, plasticizers, sur-
factants, preservatives and fragrances. For example, when the ratio of
stearic acid to polyethylene glycol (PEG400) is 1:2 in the PEG mono stea-
rate (PEGMS) nonionic surfactant synthetic process with SO,>/Zr0, as
catalyst, the amount of catalyst used is about 15 g (1 mol/mol of acid),
the reaction temperature is 125 °C, the reaction time is 6 h, the obtained
esterified crude product is 44.8% and the diester is 1.0%. After purifica-
tion, monoester content is 97% and stearic acid conversion is above 90%.
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(3) Isomerization. It is a typical superacid-catalyzed reaction, mainly used
for the preparation of isoparaffins from straight-chain alkanes, fol-
lowed by dehydrogenation to produce isomeric olefins for many other
purposes. The isomerization of n-butane was carried out at 20-50 °C
with SO, /Zr0, as catalyst. The selectivity to isobutane was 97.9%. The
Pt-containing SO,%/Zr0, catalyst exhibits sound activity stability during
this process and there is no deactivation after 1,000 h run.

The catalyst is also used for etherification, F-T synthesis, hydration
(or dehydration) and cyclization.

2. Molecular sieve catalyst

1)

2)

Introduction

Molecular sieves are polymers of porous inorganic aluminosilicates
capable of sieving substances at a molecular level, including natural zeo-
lites and synthetic molecular sieves [5]. There are more than 50 kinds of
natural zeolites, representing mordenite and montmorillonite. There are
more than 170 types of synthetic molecular sieves. MCM-2, ZSM-5, SAPO,
Ferrierite, RH and SAPO-34 have gained applications in industries. Those
are being developed, including phosphorous zeolite, vanadium aluminum
zeolite, nanomolecular sieve, and mesoporous and macroporous molecu-
lar sieve. Most of these molecular sieves can be used as a solid catalyst for
oil refining, fine chemical preparation, gas purification, adsorption sepa-
ration and preparation of special functional materials. Synthetic molecu-
lar sieves have become the most widely used catalyst in modern chemical
industry.

The classification and structural characteristics of zeolites

According to the international classification, zeolite is identified into
10 groups: cubicite, sodium zeolite, heulandite, phillipsite, mordenite,
chabasite, faujasite, laumonite and Pentasil (ZSM-5 and ZSM-11) and clathrate
(ZSM-39). Chinese scholar divides the molecular sieves into five groups based
on the characteristics of the zeolite skeleton and the crystal system. The first
group is a zeolite skeleton with a quaternary ring and a six-member ring with
a cubic configuration; the second group has a hexagonal or triple; the third
group is its skeleton composed of five elements, usually orthogonal or mon-
oclinic crystal; the fourth family is its skeleton composed of four-member or
eight-member ring; the fifth group is those that do not have the above four
characteristics of the zeolites.

The simplest structural unit of the zeolite framework is a tetrahe-
dron composed of the central atom T (T is Si, Al, Ti, Fe, V, B, Ga, Be, Ge,
etc.). Common central atoms are Si, Al and Ti. The central atom and the
surrounding four oxygen atoms bond together with sp* hybrid orbital.
The cubic structure and planar structure of the tetrahedral are shown in
Figure 4.1.
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Figure 4.1: The basic structure of zeolite skeleton: (a) the three-dimensional structure of the basic
structural unit and (b) the planar structure of the basic structural unit.
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Figure 4.2: The connection between tetrahedra in zeolite.

The zeolite molecular sieve is composed of a plurality of TO, tetrahedral, and
the tether is a tetrahedral vertex oxygen atom (also called oxygen bridge). The

connection ways are shown in Figure 4.2.

During the connection process, two aluminum-oxygen tetrahedral can’t
be adjacent. The tetrahedral bodies interconnected by oxygen bridges form
secondary structural units with different ring structures. One or more sec-
ondary structural units constitute a skeletal structure of complex molecular
sieves. The secondary structure unit further forms the cage structure through
the oxygen bridge. Cage structure is the main structural unit of various
zeolites. The secondary structure unit is surrounded by a new larger hole
in the process of assembling. The hole cage is connected with other holes
through the multi-ring window, so that the inner pore cages formed between
many channels, called the channel. The pore size of the zeolite refers to
the maximum multimodal window size of the zeolite main pore cage. The pore
structure data of different zeolite molecular sieves are shown in Table 4.1. The
geometry of the different zeolites is not the same. According to the size of the
aperture, the zeolite can be divided into micropores, mesopores, macropores

and super-macropores.
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Table 4.1: The maximum diameter of the multivariate ring.

Ring Four- Five- Six- Eight- Ten- Twelve-
member member member member member member

ring ring ring ring ring ring

The maximum 1.15 1.6 2.8 4.5 6.3 8.0

diameter (nm)

In addition to the differences in the shape and size of the channels, the

pore distribution (dimension) of the different zeolites is different. In the

coordinate axes, the channels are called n-dimensional, including three-
dimensional (zeolite A, Faujasite, ZSM-5), two-dimensional (Mordenite,

Ferrierite) and one dimensional (ZSM-48).

3) The characteristics of zeolite catalyst

(1) The characteristic pore size of the zeolite allows it to be selectively
adsorbed on the reactants. In general, molecules with a kinetic diame-
ter greater than 0.1 nm or less than the pore size of the zeolite pore can
enter the pores of the zeolite. Thus zeolites have excellent selectivity as
catalysts.

(2) The specific pore structure of the zeolite directly affects the diffusion
behavior in the reaction system. The pore and macroporous zeolite
molecular sieve are easily inactivated due to the limitation of the
product diffusion, and the mesoporous zeolite is not easy to inactivate
by coking.

(3) Some zeolites are acidic. It has been proven that zeolites have Lewis acid
or Bronsted acid sites that can be used for acid-catalyzed reactions.

(4) Zeolites possess high thermal stability and hydrothermal stability.

(5) The zeolite catalyst is nontoxic, environmentally friendly and no corro-
sion on the equipment. Therefore, it is a kind of solid catalyst that meets
the requirements of green chemistry.

4) Formation of zeolite acidic sites and its catalytic action principles

The formation of zeolite acid sites has the following four ways:

(1) The zeolite leaves the cation to form an acid center.

(2) Exchange of zeolite with polyvalent cation to form acid centers.

(3) The protons, cations and skeletal oxygen in a zeolite can be moved, and
the surface diffusion of oxygen ions and cations on the zeolite surface
lead to the dissociation of O-H, which enhances the acidity of the
zeolite.

(4) The Bronsted acid sites were produced by cation exchange of zeolite,
or by dehydration of the Lewis acid center and can be applied to the
reactants to form carbon-positive ions, and it follows carbon cationic
mechanism in catalytic transformation.

printed on 2/13/2023 6:03 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

66 —— 4 Green organic synthesis

5) Typical preparation methods of zeolite catalyst

@

@

Sol-gel method

It is the most primitive synthetic method of zeolites. It includes the
soluble aluminum salt and soluble silicon salt to form an active gel
under strong basic condition, and the gel under heat aging can form
zeolite structure. A further improvement is the use of quaternary ammo-
nium salt-based modulating agents to regulate the pore structure of the
zeolite. The reaction is as follows:

NaAlO, + Na,SiO; + NaOH + R,N*OH~ - Silica gel - Zeolite

A-type zeolite preparation: The chemical composition of A-type zeolite
formula is Na,0:Al,05:2S5i0,-5H,0. Its raw materials are sodium sili-
cate, sodium aluminate, sodium hydroxide and water. The synthetic
process is as follows: First of all, the mixture is made up of Na,O,
AlLQ;, SiO, and H,0, and the mass ratio of the substances is 3:1:2:185.
The corresponding component concentrations were Na,O 0.9 mol/L,
Al,05 0.3 mol/L and SiO, 0.6 mol/L, respectively. Every solution was
measured by metering tanks, and then putting the sodium aluminate
solution, sodium hydroxide and water into a gel-mixing tank and pre-
heated to 30 °C under stirring, then the water glass is quickly thrown
into the tank, stirred around for 30 min and then formed an uniform
gel. Heat and stir the mixture for 20-40 min at 98-102 °C, and conduct
static crystallization for 5 h at the temperature. The product is fully
precipitated at lower part of the reaction tank; crystal product from
the sampling port is checked with a microscope, and appearance of
total clear square crystal may be the end of the synthetic process.
The mothor liquor in the upper part of the tank was transferred into
a liquor storage tank and the lower part liquor was transfered into
storage tank to recover the left mother liquor by precipitation of the
molecular sieve product. Put an agitator into the product storage tank
and separate the product through a plate filter, and then the product
was washed with water till the pH of the filtrate is 9-10. Products will
be discharged from the filter and dried at 110 °C for 5-7 h to obtain
crystal powder of zeolite A. The mother liquid is dilute sodium hydrox-
ide solution and can be recycled. The synthetic process flowchart is
shown in Figure 4.3.

Hydrothermal synthesis

Hydrothermal synthesis is the most widely used method for synthe-
sizing zeolite. Hydrothermal synthesis of zeolite consists of two basic
processes: the formation of aluminosilicate hydrated gels and the
crystallization of the hydrated gels. The crystallization process gen-
erally includes the following four steps: polysilicate and aluminate
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Table 4.2: The raw materials used for synthesis of zeolite.

Material type Specific material name

Aluminum compound Inorganic salt-activated alumina, aluminum hydroxide, sodium aluminate
and other aluminum

Silicon resources Silica gel, silica sol, sodium silicate, silicate, powdered SiO, and quartz
glass

Alkali Sodium hydroxide, potassium hydroxide, fluoride

Template Quaternary ammonium salts, amines, diamines, alkanolamines,
alcohols, glycols, quaternary phosphonium bases

Water Deionized water

| NaOH | | Aluminum hydroxide | | H,0 |

| H,0 | |Sodium aluminate solution| | Water glass | | Sodium hydroxide ‘

Crystallization

Filter, wash

Calcium chloride or potassium
chloride solution

Type 4A zeolite

| Type 5A or 3A zeolite |

Shaping |——| Activation |——| Packaging |

Figure 4.3: Flowchart of A-type zeolite synthesis.

repolymerization, zeolite nucleation, nuclear growth, and zeolite
crystal growth and secondary nucleation.
There are many factors influencing the synthetic process of zeolite. At present,
the effect of reaction conditions on the synthetic process is mainly studied,
such as composition of reactants, type and nature of reactants, aging condi-
tions, crystallization temperature and time and pH value.

The main raw materials for the synthesis of zeolite are aluminum-
containing compounds, silicon-containing compounds, alkali, water and tem-
plate agent. The composition is usually expressed as xM,0 - AL,O; - ySiO, - zH,0.
The commonly used raw materials for preparing zeolite are shown in Table 4.2.
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The general process of synthesizing zeolite by hydrothermal method is
Reactant - Gel - Zeolite crystal > Zeolite crystal powder

Adding the reactants arranged in advance according to a certain proportion
to a lined plastic or stainless steel reactor and performing the crystallization
reaction at 100-450 °C for a period of time. After the crystallization is com-
pleted, the precipitate is subjected to filtration, washing and drying, and
zeolite powder having a size of 1-10 pm can be obtained. When a high silica
zeolite is prepared, the crystallization temperature should be more than
150 °C, and the general zeolite crystallization temperature is 100 °C; washing
pH is 9-10; drying temperature is 110 °C. Zeolite with low silica alumina ratio
can be obtained with inorganic base, and zeolite with high silica alumina
ratio can be obtained with organic base.

Aluminophosphate zeolite: It is a kind of heteroatom molecular sieve,
which uses element phosphor to replace the silicon in the zeolite skeleton.
It is composed of tetrahedral and phosphorus oxygen tetrahedron. Generally
expressed as (AIPO,),; composition of xRALO5-(1 + 0.2)P,05-yH,0 (R on behalf
of a template), pore size 0.5-1 nm. More than 60 kinds of aluminophosphate
zeolites have been synthesized.

Aluminophosphate zeolite was synthesized by hydrothermal crystalli-
zation. The equal amount of active hydrated Al,O; and phosphate in water
reacted to form aluminophosphate gel, adding organic amine or quaternary
ammonium salt as template, stir the mixture evenly and put into an autoclave
lined of polytetrafluoroethylene for static crystallization under 125-200 °C to
obtain zeolite crystals. The crystal obtained was calcinated at 400-600 °C to
form the aluminophosphate zeolite.

In addition, silicon-aluminum-phosphate molecular sieve and titanium-
aluminum-phosphorus molecular sieve can be obtained by hydrothermal
crystallization method.

Mesoporous molecular sieve with larger pore size and adjustable pore
size, specific surface area (up to 1,000 m2.g™), high porosity, surface rich in
unsaturated groups, high thermal stability and hydrothermal stability has
become an important new catalytic material. Mesoporous molecular sieves
are divided into six classes according to their structure: the MCM-41 of the
hexagonal phase, the MCM-48 of the cubic phase, the MCM-50 of the layered,
the SBA-1 of the six phase, the SBA-2 of the cubic structure and the MSU-n of
disordered arrangement of the hexagonal phase structure.

Mesoporous molecular sieves were also synthesized by hydrothermal
method or solvothermal method. First, surfactant, acid or alkali is added to
water to form a mixed solution, then the silicon source or other materials
are added to the solution, and the system endures hydrothermal treatment
or room temperature aging. The product was washed, filtered and finally by
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calcinating or chemical treatment the organic matter is removed to obtain

mesoporous molecular sieve.

Nanomolecular sieve: Nano-molecular sieve is a molecular sieve with
particle size less than 100 nm. It has a larger surface area, more crystal cell
exposure, to increase reactivity and contacting area; short regular pore
structure is more favorable to the diffusion and catalytic reaction; with more
accessible active sites; more uniform distribution of active sites; easy struc-
ture adjustment through ion exchange, skeleton scheduling and surface
modification to demonstrate better catalytic performance.

Applications of molecular sieve catalyst

(1) Acid-catalyzed reaction in petroleum processing. Acid-catalyzed reac-
tion is the most important application field of molecular sieve catalyst,
which has been widely used in the cracking, isomerization, alkylation,
disproportionation, hydration, dehydration, oxygenation and dehydro-
genation.

(2) Oxidation: Oxidation reaction is an important reaction for the prepa-
ration of a variety of fine chemicals; at present, oxygen or hydrogen
peroxide as oxidant is preferred. When using hydrogen peroxide as
oxidant with TS-1 molecular sieve or B-zeolite as catalyst, a series of
fine chemicals can be prepared. The TS-1 molecular sieve as catalyst
for direct hydroxylation of phenol to hydroquinone and catechol
has been industrialized in Italy; selectivity to diphenol is calculated
as 90%.

(3) N-alkylation and O-alkylation: Many important fine chemical products
can be prepared by N-alkylation and O-alkylation. At present, the main
alkylating agents are dimethyl sulfate and halohydrocarbons. These
two kinds of alkylating agents will produce serious environmental
problems in process. With molecular sieve as catalyst, and methanol
or dimethyl carbonate as alkylating agents, a series of environmen-
tal-friendly production processes can be designed. With hydrogen-type
zeolite as catalyst and methanol as alkylating agent, the green synthe-
sis process of the drug intermediate, dimethylimidazole, is developed

as follows:
CH; N CH; N N
/>: > CH;0H />: > . /( >
N H zeolite N CH, N
H | |

CH, CH,

Rhone-Poulenc Company developed a new process for the preparation
of vanillin from catechol, with mordenite as a catalyst, and the reaction
process is as follows:
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OH

(4)

®)

(6)

OH OH OH

OH OCH, OCHj OCH;

CH;0H HCHO 0,/NaOH

—_—
-H,0 Mordenite

CH,0H CHO

Aromatic nitration: The traditional nitrification reaction uses HNO,
and H,SO, mixed acid as nitrating agent. This process causes severe
environmental pollution. Now a new process for gas-phase catalytic
nitration with benzene and 65% nitric acid, dealuminated mordenite
as catalyst have been developed. This process not only realizes the
environmental-friendly production but also has a controllable product
distribution.

Amination: The traditional method for the production of aniline is cat-
alytic hydrogenation of nitrobenzene. Recently a new process of direct
catalytic amination of phenol to aniline was developed. Aminophenol is
produced with resorcinol as raw material and molecular sieve as cata-
lysts by direct amination, an environmental-friendly production process.

OH OH

catalyst
+ NH; —

OH NH,

Nitrogen heterocyclic reaction: With the rapid development of medical
and related industries, the demand for pyridine and its alkyl substi-
tuted derivatives is increasing. Scientists successfully developed a new
method to prepare pyridine compounds with aldehydes and molecular
sieve as catalyst by amination. For example, when acetaldehyde (or for-
maldehyde) is used as raw material and HZSM-5 as catalyst, pyridine
and 3-picoline are successfully prepared. The reaction equation is as
follows:

CH,
- = =z

CH,CHO + NH, 125M5_ d + Q
X X
N N

CH,

3. Heteropoly compound catalyst
1) Introduction
Heteropoly compound (HPC) is a general designation of heteropoly acid and
its salts. Heteropoly acid is the polyacid of two or more inorganic oxygen
acids. In HPCs, its heteroatoms (P, Si, Fe, Co, etc.) and coordination atoms
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(Mo, W, V, Nb, Ta, etc.) construct a certain structure through the oxygen atom
coordination oxygen to form polyacid [6]. Polyoxometalate is the product
when some or all hydrogen of the heteropoly acid is substituted by metal ions
or organic amine. Solid HPC is composed of heteropoly anions, cations and
crystal water. Among them, the heteropoly anion is a polynuclear coordina-
tion structure which connected with central atom and coordination atoms
through an oxygen bridge.

At present, HPCs can be divided into five categories: @ Keggin structure,
such as H;PW,,0,0; @ Anderson structure, such as [TeMo0,,]¢"; ® Silverton
structure, such as [CeMo,,0,,]*"; ® Wangh structure, such as (NH,){MnMo,0s,;
and ® Dawson structure, such as K,P,W;;0,,. HPCs used as catalysts mainly
refer to substances with Keggin structure. The Keggin structure is a cage-like
molecule formed by the connection of 12 MO, (M = Mo, W) octahedron around
a PO, tetrahedron, which is similar to the cage-like structure of zeolites.
Types and essential properties of HPC catalysts
HPC catalysts include heteropoly acid, polyoxometalate, their supported
types and their structure-modified ones. They generally have high molec-
ular weight, and heteropoly acid and salts of small metal ions dissolve
easily in water and in other polar solvents. As for large cationic salts (Cs®,
Ag*, NH,), it is insoluble or slightly soluble. The compounds are stable in
aqueous solutions of low pH and in organic solvents, but are readily dissoci-
ated in solutions of high pH, and their free acids are highly acidic.

HPCs generally have good thermal stability below 350 °C. Due to the
existence of metal element with various valences, they possessed redox prop-
erties and are called a bifunctional catalytic material and can be used as the
acidic and redox catalyst.

The main properties of HPCs as catalysts are as follows.

(1) They have strong Bronsted acidity. Its acidity is stronger than that of its
constituent elements (such as H;PW,,0,,, H, = —13.2), but the corrosion
is much weaker than that of common inorganic acids.

(2) They can easily solute in water and common organic solvents, which
makes heteropoly acid and reaction mixture to easily form a homogene-
ous system, which was beneficial for the reaction.

(3) Their acidity can be designed and controlled by changing the compo-
sition of anions, the formation of salt and the loading and so on; there-
fore, the catalyst can be designed according to the characteristics and
requirements of the reaction. Large groups of modified HPCs have been
designed and prepared for catalytic purposes.

(4) They have good chemical and thermal stability. In a common acid and
alkali media, the HPCs can maintain their structure with the thermally
stable temperature of 350 °C, so they can be applied to most of the
reactions.
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(5) They are suitable for homogeneous or heterogeneous reaction systems.

For nonpolar molecules, reaction takes place only in surface, and for
polar molecules, they can diffuse into the lattice in the bulk to react
(called pseudo-liquid-phase behavior). This behavior makes the reac-
tion to occur both in the solid surface and inner solid phase, exhibiting
very high catalytic activity.

To overcome its small specific surface area, high cost and product
separation and recovery difficulties and to improve the utilization effi-
ciency of the catalyst active component, researchers have proposed the
preparation of supported HPC catalyst. The so-called supported HPC
refers to an HPC loaded on a carrier with inert pore structure (SiO,, C and
zeolite). This can greatly reduce the amount of catalyst used in a reac-
tion process and is favorable to the separation of catalyst from the liquid
phase, making the HPCs to be suitable for gas—solid catalytic system.
However, when the HPCs are loaded, they will change in acidity; there are
still problems in the dissolution of the active components of the catalyst.

3) Preparation of HPC catalysts
(1) Heteropoly acid catalyst

As early as 1826, Berzelius ].J. obtained the phosphomolybdic acid by

acidifying the mixed solution of molybdate and phosphate. With the

improvement of the preparation methods, some more advanced prepa-

ration methods have been invented.

® Acidification. The heteroatom oxygen acid and polyatomic oxygen-
containing acid or polyatomic oxide are well mixed in a certain
ratio and the mixed solution is acidified. After heating to reflux for
1-12 h, the heteropoly acid catalyst is obtained by extraction with
ether or crystallization. The synthetic procedure of H,PMO,,VO,, is
as follows: 3.58 g of Na,HPO, - 12H,0 is dissolved in 50 mL of dis-
tilled water; meanwhile, 26.65 g of Na,HPO, - 12H,0 is dissolved in
60 mL of distilled water. The two solutions were mixed and heated
to boiling for 30 min. Then 0.91 g of V,0, was dissolved in 10 mL
of Na,CO; solution, and this solution is added to the above mixed
solution under stirring, after 30 min of reaction at 90 °C; a certain
amount of 1:1 H,SO, was added while stirring, and the solution was
divided into three layers. The middle part of the bright red oil is
heteropoly acid ether complex, remove the ether from the complex,
add a small amount of distilled water and then place it in a vacuum
dryer, until the crystal is completely crystallized, recrystallized and
dried to obtain the product.

@ Ion exchange: The heteropoly acid salt is used as the raw material,
and the aqueous solution of the heteropoly acid salt is exchanged
through a strongly acidic cationic exchange resin, so that the metal
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ions in the salt are exchanged with the hydrogen ions. The effluent
solution is a heteropoly acid solution. and then the crystalline or
powdered pure heteropoly acid is obtained by extracting with ether
or evaporating crystallization.

Degradation: By controlling the pH value of the heteropoly acid
solution, the heteropoly anions are partially degraded, thereby the
heteropoly acids containing less atoms are obtained.
Electro-osmotic method: The electro-osmotic method is one of the
newly developed methods to prepare heteropoly acids. H;PO, and
Na,WO, as raw materials are circulated through the anode box and
the alkali solution circulated in the cathode boxes were separated
by the cation exchange resin film. When the current passes, the
cation enters the cathodic electrolyte through the semipermeable
membrane, and the anodic electrolyte is acidified. The following
reaction occurs in the electro-osmotic device:

Na,WO, + H;PO, » H;PW,,0,

After the removal of the cation, the cationic electrolyte is evapo-
rated to crystallize to give the heteropoly acid. In this process, the
yield of heteropoly acid is above 99% and the current efficiency is
15-30%.

(2) Heteropoly acid salt catalyst.
There are two kinds of methods to prepare heteropoly acid salt.
® Heteropoly acid partial neutralization method: A saturated solu-

tion of an alkali metal or alkaline earth metal ion is added to the
saturated solution of the heteropoly acid to obtain a heteropoly
acid salt directly.

Solid-phase reaction: The synthesis of nanometer heteropoly acid
salt can be carried out by utilizing the advantage of solid-phase
reaction without using solvent. The synthesis of the ammonium
phosphomolybdate is given as an example here. The equation of
the reaction process is as follows:

MO,-H,0 + H;PO, > H;PW,0,0:xH,0
H,PM,,0,0:xH,0 + (NH,),C,0,-H,0 > (NH,);PM,0,0:yH,0 +
H2C204'2H20

The specific preparation process is as follows: First, weigh 48.6
g (0.3 mol) of molybdic acid, 7.0 g (0.06 mol) of phosphoric acid,
respectively, and place them into the gate mortar in full grinding,
then add ammonium oxalate 5.1 g (0.036 mol) to continue to full
grinding. At the beginning it was sticky, then gradually dried up.
The resulting mixture powder was washed with absolute ethanol
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and centrifuged after grinding for 40 min, then repeated the runs
for four to five times and then vacuum dried at 50—60 °C for 24 h to
give ammonium phosphomolybdate powder of about 48.0 g.

(3) Preparation of supported HPC catalyst.

The preparation methods of the supported HPC catalyst are mainly

impregnation method, sol-gel method and hydrothermal dispersion

method. The commonly used method is the impregnation. The carri-

ers used in the loading process are activated carbon, SiO,, MCM-41, ion

exchange resin and carbonized resin.

® Impregnation: A certain amount of carrier is immersed in a known
concentration of heteropoly acid solution, heated to reflux for a
certain period of time, filtered, washed and dried, and then acti-
vated at a given temperature to obtain the supported catalyst. By
changing the concentration of the heteropoly acid solution and
the reflux time, the catalyst with a different loading amount can
be obtained.

® Sol-gel method. Orthosilicate is hydrolyzed under the acidic con-
dition and in the presence of the heteropoly acid to form a silica
sol. The silica sol is gelatinized and dried to form the supported
heteropoly acid catalyst. The preparation process is as follows:
Orthosilicate, n-butanol, 12-tungstophosphoric acid and deionized
water are well mixed at a certain ratio, stirred and heated to reflux
for 2 h to hydrolyze the tetra-ethoxysilane to form a transparent sol.
The sol was transferred into a plastic mold, placed it in a water bath
at 80 °C for 2 h to form a transparent gel, then dried at 100 °C, to
get the corresponding catalyst after grinding. The heteropoly acid
catalyst prepared by this method has a relatively lower leaching of
active component, but its acidity is lower than the catalyst obtained
by the impregnation method.

® Hydrothermal dispersion method: This method refers to the carrier
and the known concentration of heteropoly acid solution is mixed
in a certain ratio, added in a stainless steel autoclave, reacted at
90-110 °C for 24 h, then rapidly removed the moisture in the solid,
finally dried at 110-120 °C, grounded and calcinated at a given tem-
perature for 4 h to obtain the catalyst.

4) The applications of HPC catalyst

1)

Alkylation: Straight-chain dodecylbenzene is an important raw mate-
rial for the production of anionic detergents. At present, mesoporous
molecular sieve MCM-41-loaded silicotungstic acid catalyst is used
in the synthesis of dodecylbenzene. In the reaction of isobutene and
butene alkylation to prepare the clean gasoline, Cs,sH,;PW,0,, was
used as the catalyst. The product yield and selectivity achieve 79.4%
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and 73.3%, respectively. When 40% of HPW,,/Si0, was used as catalyst,
the conversion of butene was 98.8%, C; alkane accounted for 59.5%
of the liquid product and no loss of the active component was found
during the reaction.

(2) Condensation: Xylene—formaldehyde resin is an important raw material
for the production of paint and new polyester. Sulfuric acid was used as
the catalyst in the traditional preparation process. There are many prob-
lems, such as complex process, environmental pollution and unstable
product quality. When the unsaturated silicon-molybdenum-tungsten
mixed HPC is used as the catalyst, the catalyst dosage is 0.8-10.0% and
the reaction temperature is 160 °C, the yield achieves 95%. In addition,
the catalyst can be reused, and the whole process is of no pollution to
the environment and the process has been greatly simplified.

(3) Nitration: Heteropoly acid and its salts show good catalytic activity in
the gas-phase nitration of benzene. H;PW,,0,,/Si0,-Al,0; can catalyze
the gas-phase nitration of benzene with NO, at 270 °C and no dinitroben-
zene was produced in the product. The rate increases with the increase
of the loading of H;PW,,0,,, and the yield of nitrobenzene achieves 56%
when the loading of phosphotungstic acid is 30%.

(4) Hydration: HPCs are highly efficient catalysts for hydration reactions.
Silicotungstic acid, phosphotungstic acid, borotungstic acid, phospho-
molybdic acid and silicolybdic acid can be used as catalysts for the syn-
thesis of ethanol from ethylene, propylene and butene. At the reaction
temperature of 170-350 °C, the pressure of 10.0 MPa, and the catalyst
concentration of 10°-102°mol/L, the selectivity can reach 95-99%.

(5) Polymerization: The tetrahydrofuran homopolymer (PTMEG) obtained
by cationic ring-opening polymerization of tetrahydrofuran is an impor-
tant material to produce PU elastomer. Studies have shown that phos-
photungstic acid and molybdenum-tungsten heteropoly acid are highly
efficient catalysts for this polymerization and have been successfully
used in the 10,000 ton industrial installation.

4. Polymer acid catalyst
1) Overview

Polymer acid catalyst refers to the ion exchange resin which is a cross-linked
polymer-bearing sulfonic acid groups, simply expressed as RSO,H (R for the
polymer matrix), such as strong acid cationic exchange resin and perfluoric
acid resin [7]. Compared with the traditional acidic catalyst, the catalyst
has the following characteristics: @ the complete separation of the catalyst
from the system can be achieved by simple filtration, greatly simplifying
the process; @ high selectivity for the target reaction; ® easy to achieve
continuous production; @ corrosion free; and ® less than “three wastes”
generated during the reaction.
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2) The main properties of polymer acid catalyst

@

@

€)

(4)

The exchange volume
The exchange volume of a strong acid cationic exchange resin is an
important index to characterize the acidity of resin. It refers to the
number of all sulfonic acid groups in unit mass or volume cationic
exchange resin, expressed in mmol/g or mmol/mL. The measuring
method is as follows.

When the hydrogen type cationic exchange resin is immersed in
a calcium chloride solution, only the strong acid group (sulfonic acid
group) can react, and the exchange capacity of the strong acid group
is calculated by the titration of the replaced hydrogen ion (H*). The
reaction is

RSO;H + CaCl,-H,0 - (RSO;),Ca + 2HCI

The exchange capacity of the resin is calculated as follows:

4(V=V,)Craon
m

Q’s =

Q’s is the cationic exchange resin wet-base strong acid group exchange
capacity, in mmol/g; Cy.onx is the concentration of NaOH standard
solution in mol/L; V is the volume of NaOH standard solution con-
sumed by soaking solution in mL; V, is the volume of NaOH standard
solution consumed by blank solution in mL; m is the mass of the resin
sample in g.

Particle size: The ion exchange resin is generally spherical particles
having a particle size of 0.03-1.20 mm. The particle size of the resin is
often expressed as a standard mesh number, and the number of Amer-
ican standard sieve and millimeters can be converted using the follow-
ing empirical formula:

Particle size (mm) = 16/mesh number

Pore structures: Pores in an ion exchange resin are divided into two
categories; one is the gel pore, it refers to the distance between the resin
macromolecule chains, rather than a authentic pore, and it changes
with the change of external conditions, so it is difficult to determine;
the other is the macroporous, which is the real pore, can be measured
by low-temperature nitrogen adsorption method.

Stability: The stability of the ion exchange resin refers to the circum-
stances changed in external force, heat and chemical effects, mainly
including mechanical strength, heat resistance and chemical stability.
These directly relate to the service life span of the resin. Mechanical
strength refers to the ability of the resin to resist the deformation of
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all kinds of machinery. Heat resistance refers to the temperature range
in which the resin does not undergo thermal decomposition during
use. The results show that the heat resistance of ion exchange resin
is closely related to its structure. The maximum working temperature
of ordinary gel-type strong acid resin is 100 °C, and the maximum
working temperature of macroporous resin can reach 130 °C. Chemi-
cal stability refers to its ability to withstand the attacks of chemicals
and oxidants.

When the ion exchange resin is used as catalyst, the composition
of the resin, the pore structure, the degree of cross-linking, the nature
of the exchange group and the nature of the counter-ion all affect the
reaction.

3) Preparation of polymeric acidic catalysts
(1) Preparation of the strongly acidic cationic exchange resin: The prepara-

tion of strong acid cationic exchange resin mainly includes suspension

polymerization and sulfonation.

® The synthesis of the styrene—divinylbenzene copolymer micro-
spheres by the suspension polymerization. With the styrene as
the monomer, the divinylbenzene as the cross-linking agent, the
polymer is obtained by suspension copolymerization after stirring
and heating in the presence of the initiator in the aqueous medium
containing the dispersant and the pore-opener. Commonly used
initiator is benzoylperoxide or azo-bis-isobutyronitrile with a pro-
portion of monomer mass of 0.5-1.0%. The dispersant is generally a
polyvinyl alcohol solution of 0.1-0.5%, a polyvinyl alcohol solution
having the degree of hydrolysis of about 88% or an aqueous solu-
tion of photographic gelatin in sodium chloride of 0.5-1.0%. The
mass ratio of water to monomer is (2-4):1. Magnesium phosphate,
magnesium carbonate and calcium phosphate are used as disper-
sants. The polymerization reaction is as follows:

H,C =CH H,C =CH —H,C—CH—CH,—CH—

1n1t1ator
water, dlspersant

HC =CH, —CH—CH,

® Sulfonation of copolymer microspheres: The polystyrene cross-
linked by divinylbenzene is stable, and the reaction can be carried
out by the reactivity of the hydrogen atom on the benzene ring to
proceed sulfonation, then the strong acidic cation resin is obtained.
The sulfonation reaction is as follows:
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— CH,—CH—CH,—CH— — CH,—CH—CH,—CH—
_HS0,
TCHCL
HO,S
—CH—CH,— —CH—CH,—

(2) Preparation of perfluorosulfonic acid resin (Nafion-H): Nafion-H is the
strongest solid acid as known. Its chemical structures and main prepa-
ration methods are as follows:

CF,—CF,
CF,=CF, + S0; — | | —
2 2 3 0—S0,
(0]
AN
mCF,—CF— CF;/Na,CO;
F—0,S—CF,—CO—F -
heat
CF,
F,C=
F,C—CF—0~f CFy—CF— 09 CF,— CF,—SO,F /20 —CF2
copolymerization

A CF,— CF,); CF,—CF
0-CF, *(lijOhCFZ —cF, —s0,—F X0 ® —so.x

CF;

As Nafion-H preparation process is more complex, the Nafion-H was pre-
pared by ion exchange of Nafion-K resin in the laboratory. For example, 50 g
of Nafion-K resin was boiled with 150 mL of deionized water for 2 h, filtered,
then with the concentration of 20-25% HNO; solution 200 mL, stirring at
room temperature for 4-5 h, filtering, treating with 20-25% HNO; solution,
repeat three to four times. Eventually washed with water to neutral, filtered,
vacuum dried for 24 h above 105 °C.

The applications of polymer acid catalyst

1) Alkylation
Nafion can catalyze alkylation and the reaction can be carried out in the gas
phase or liquid phase. The relative catalytic activity of the other ion exchange
resins was compared using the alkylation reaction of benzene with propyl-
ene: the reaction rates of Amberlyst 15, Nafion-H and Nafion-H/SiO, are,
respectively, 0.6 (10.7%), 2.0 (2.2%), 87.5 (16.2%) at 100 °C, respectively.

2) Acylation
Acylation reaction generally requires a high reaction temperature and a
higher acid strength of the catalyst. Macroporous polystyrene sulfonic acid
resin can only catalyze the acylation of highly active aromatic rings. Various
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ion exchange resin catalysts have been tested on the reaction of anisole and
acetic anhydride; the selectivity to the product was 100%; and the catalytic
activity of Amberlyst-36 shows the highest activity among them.
3) Condensation

Methyl isobutyl ketone is an important solvent, using strong acidic cationic
exchange resin Amberlyst IR-120 as catalyst, acetone is condensed, dehy-
drated and hydrogenated to form methyl isobutyl ketone, and this process
has been industrialized.

4.1.2 Solid Base-catalyzed Organic Synthesis

Introduction

Solid base catalysts (heterogeneous base) become more and more attractive,
and have been widely used in the oxidation, amination, hydrogenation, reduc-
tion, addition and other typical organic reactions [8]. With the development
of green chemistry, researchers are paying more and more attention to the
environment-friendly new catalytic process. Due to the high activity, high selec-
tivity, mild reaction conditions, easy separation of products and recyclable, solid
base plays a more and more important role in the synthesis of fine chemicals and
is expected to be a new generation of environmental-friendly catalytic materials.

Solid base refers to the solid that causes an acid indicator to change color
or chemically adsorb acid. According to the definition of Bronsted and Lewis, a
solid base refers to a solid substance that has the ability to accept protons or give
electronic pairing.

At present, solid base mainly includes three categories: organic solid base,
organic/inorganic composite solid base and inorganic solid base. The organic
solid base mainly refers to the alkaline resins having a terminal group as a tertiary
amine or a tertiary phosphine group.

Organic/inorganic composite solid base mainly refers to molecular sieves
loaded with organic amines or quaternary ammonium. The alkali active site of a
molecular sieve loaded with organic amines is mainly the nitrogen atom which
can provide the lone pair electrons; however, the base active site of the loaded
quaternary ammonium base molecular sieves is mainly hydroxide ions. Since
the active sites of this kind of solid base are organic bases, which are connected
by chemical bonds with molecular sieves, the active components in the reaction
process are kept, and the alkalinity is uniform, but it is not suitable for high-
temperature reactions.

Inorganic solid base has the advantages of simple preparation, wide-base
distribution and good thermal stability, and has become the main species of solid
base catalyst. These include metal oxides, metal hydroxides, hydrotalcites and
supported solid bases.
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1)

2)

3)

Metal oxide inorganic solid base

The metal oxide-type inorganic solid base mainly refers to the alkali metal
and the alkaline earth metal oxide. The alkali sites of metal oxide are mainly
derived from the hydroxyl groups produced by the surface adsorption of water
and the negatively charged lattice oxygen. As MgO, the alkali active sites on
the surface of MgO at low temperature are mainly weakly basic hydroxyl
groups; however, at high temperature, the surface appears; line, point defects
in the surface made the original six coordinated Mg into five coordination,
four coordination or three coordination, and increase the charge density of
oxygen atom, so that different degrees of alkali-active sites exist in the surface
of MgO. Generally speaking, the basic strength of alkali metal and alkaline
earth metal oxide catalyst increased with the increase of its atomic number,
ordered as Cs,0 > Rb,0 > K,0 > Na,0, BaO > SrO > CaO > MgO. In addition, the
calcination temperature and the types of precursors also significantly affect
the alkali strength of alkali and alkaline earth metal oxides; generally, a high
calcination temperature is favorable for the formation of strong alkali-active
sites. The alkaline strength of the alkaline earth oxide obtained by calcina-
tion of different precursors is carbonate > hydroxide > acetate. All in all, by
changing the preparation conditions or selecting different precursors, it is
possible to prepare the alkali metal and alkaline earth metal oxide which has
the strongly basic active sites or even the super-alkaline active sites, but these
solid alkali are powder with low mechanical strength, hard to separate and
has small surface area (except MgO, all of them were less than 70 m?/g); its
specific surface area reduced with the significant increase in alkali-active site.
Hydrotalcite-based inorganic solid base

The hydrotalcite-like material is a layered double hydroxide (LDH), and its
structure is [M#*M**(OH),.p] (A7) - nH,0, among them, M, is Mg, Zn or Ni and
M, is Al, Cl or Fe, A™ can be Cl-, CO,>. The plates with positive charge were
made up of M;* and M,** centric octahedrons by edge shared. A" and H,0 are
various anions and water molecules located between the layers, A™ plays a
role in balancing laminar positive charge. When M, is Mg, M, is Al, the surface
of this hydrotalcite catalyst has both acid- and alkali-active sites, appropri-
ately changing the ratio of magnesium to aluminum and neutralizing anions
can change the charge density of the laminar oxygen atoms, thereby adjust-
ing the ratio of the acid—base active sites on the surface of such catalysts. Its
preparation methods include co-precipitation, hydrothermal, ion exchange,
calcination recovery and crystallization isolation.

Supported inorganic solid base

At present, the carriers commonly used to prepare supported inorganic solid
bases include alumina, molecular sieves or activated carbon, calcium oxide,
zirconium dioxide and titanium dioxide. The precursors are mainly alkali
metal, alkali metal hydroxides, carbonates, fluorides, nitrates, acetic acid
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salt, amide or azide. Because alkaline earth metal hydroxides and carbonates
are insoluble matters, but its nitrate decomposition temperature is generally
higher, there are also a few reports with alkaline earth metal acetate as the
precursor. The active sites of the supported inorganic solid base are mainly
alkali metal or alkaline earth metal oxides, hydroxides and carbonates and
alkali metals, there are also active sites that are produced by reaction with the
carrier after calcination at high temperatures.
2. Methods for preparing solid bases

There are several methods to prepare solid base catalysts: impregnation method,

co-precipitation method, hydrothermal method, ion exchange method and

others. In this chapter, we take the preparation of hydrotalcite as an example to

illustrate the preparation process of typical solid bases.

1) Hydrotalcite-like inorganic solid base
LDH, also called the layered structure of double hydroxyl anionic clay, is
a kind of novel inorganic functional material that has developed rapidly
in recent years. In order to prepare pure hydrotalcite-like compounds, we
should rationally select the ratio of cationic to anionic first. It is required that
the anions in LDHs must be present at a higher concentration in the solvent
and have a strong affinity with the LDH layer. Meanwhile, we should also
avoid the occurrence of metal salt anions into the interlayer surface. In the
preparation of noncarbonate anion LDHs, carbon dioxide in the air is very
easy to enter the reaction system, so it is always prepared by ion exchange or
under the protection of nitrogen.

LDHs are usually synthesized by co-precipitation. The advantages of
this method are as follows: (1) almost all of the M;>* and M,** can form the
corresponding LDHs; (2) by adjusting the ratio of M;* to M,*, series of LDHs
with different M*/M** can be prepared; and (3) different anions could exist
between the layer boards.

The specific preparation process is the precipitate is added into the
solvent containing metal salt, and the insoluble metal hydrate hydroxide
or gel is formed by the metathesis reaction, and its crystallization is carried
out under the condition of precipitation, filtrated, washed, dried and LDHs
are obtained. Analysis of the specific surface area, acidity and basicity and
thermal stability (TG) is necessary.

2) Supported inorganic solid base
The methods to prepare a supported inorganic solid base mainly include
co-precipitation and hybrid method. Co-precipitation refers to that the
co-precipitate is produced by two or more components of the precursor com-
posed of the catalyst in the solution, then catalyst is obtained after treatment.
It is characterized by uniform mixing of components in molecular level, and
heat treatment (calcination) can accelerate the solid-state reaction between
components. Hybrid method is to make the two kinds of oxide mechanically
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mixing, and then the catalyst was obtained after heat treatment. Its properties
are greatly influenced by the oxide particle size and the grinding time. The
method has the advantages of simple equipment and convenient operation,
and it can be used to prepare the high content of the multicomponent cata-
lyst, especially the mixed oxide catalyst. But the dispersion by this method is
poor. The preparation method of supported inorganic solid catalyst is intro-
duced in detail as follows.

(1) Preparation of Mg(Al)O solid base: Weigh a certain amount of solid
Na,CO; and NaOH, dissolve in water and pour into a three-necked flasks,
then drop the solution of Mg(NO,),, Al(NO); into the flasks with vigorous
stirring, heat the solution to (60 + 5) °C for 1 h after the reaction is fin-
ished. The product is cooled to room temperature, filtered out the pre-
cipitate. It is washed with deionized water three to five times, and dried
under 100 °C for 16 h, and then calcinated at 450 °C for 12 h, ground and
the 12-30 mesh particles are selected as the Mg(Al)O solid base.

(2) Preparation of MgO/Al,0; solid base catalyst: Accurately weigh a certain
amount of powder MgO and Al,O;, mix in a mortar and grind evenly,
squeeze into strips after adding proper amount of distilled water, then
dry at 100 °C for 8 h, at 200 °C for 8 h, ground, and select 12-30 mesh
particles as the target solid base.

(3) Preparation of supported CoPcS: A certain amount of CoPcS was dis-
solved in anhydrous methanol, after impregnation of Mg—Al composite
oxide solid base carrier for 24 h, methanol was removed under vacuum
and CoPcS /Mg(Al)O or MgO/AlL0; solid base catalyst was obtained.

3. The applications of solid bases
1) Alkylation

Mixtures containing MO (M is Zn, Cu, Cs, Ba, Mn, Co) and FeO are excel-
lent catalysts for the methylation of phenol to produce methyl phenol and
2,6-dimethylphenol.

OH

OH OH
CH; HC CH,
+CH;0H — + +H0

Side-chain alkylation of toluene and methanol over an alkali metal exchange
of zeolite MX(Na*, K*, Rb*, Cs* exchanged X-type zeolite) can be performed.

CH, CH=CH, CH,CH,

+ CH3;0H _MX + + HO0
678 ~728 K

The side-chain alkylation of toluene with methanol can also be carried out on
activated carbon-containing alkali metal oxides.
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2) Dehydrogenation
The styrene is prepared by the ethylbenzene dehydrogenation in the industry.

@CHZCH3 — {;ym:c}[2 + H,

In the presence of water vapor, the catalytic promotion effect of alkali was
reduced by Cs, K, Na, Li in Fe oxide catalyst (Fe-Cr-K, Fe-Ce-Mo, Fe-Mg-K
oxide). Function of K is to form K,Fe,0; alkaline active phase. In addition, K
can also reduce the carbon deposit on catalyst surface and accelerate product
desorption. Ce is effective in promoting dehydrogenation reaction. The role of
Mo is to regulate the activity to inhibit the production of benzene and toluene.
Mg increased the number of active centers, and formed a solid melt in Fe,O;to
improve the thermal stability of the catalyst.
3) Aldol condensation

Aldol condensation refers to the self-condensation of aldehydes and ketones
(dimer) or cross-condensation to produce B-hydroxyl aldehyde or B-hydroxyl
ketone. The reaction is given below:

R, R, Ry OHR, Ry

N
C=0+ CH—C=0—» R1—|C—(|I—C:O
R, Rs R, Rs

The most commonly used alkaline catalyst is Ba(OH),, and alkali metal and
alkaline earth metal compounds. Strong alkaline ion exchange resin is also
active in the self-condensation reaction of aldehydes and ketones. Hydrotal-
cite Mg¢AL(OH),;CO,-4H,0 has a high activity for the cross-condensation of
formaldehyde and acetone to produce methyl vinyl ketone.

4.1.3 lonic Liquid Catalyst

1. Summary

Ionic liquid is a kind of salt, which is composed of organic cations and inorganic
anions and is a liquid at room temperature or near-room temperature [9]. It has
the following characteristics: @ colorless, odorless, nonvolatile and low vapor
pressure; @ wider range of temperature stability; ® good chemical stability and
wide potential range; ® good solubility in organic, inorganic compound and
polymer; ® it can be acidic or alkaline. Therefore, the ionic liquid can be used as
both a clean medium and a catalyst for the reaction.

Ionic liquids mainly include four types: @ the cationic alkyl quaternary
ammonium ion [NRyH, ,]*; @ the alkyl phosphonium ion [PRyH, ,]*; ® 1,3-dialkyl-
substituted imidazole ion or N, N’-dialkyl-substituted imidazole ions of [RR,im]*
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or [Ry'R?R*im]*; ® N-alkyl-substituted pyridine ions [RPy]*. The main anion is

halide salt, such as AICl; and AlBr;, whose acidity and basicity of ionic liquids

composed of these anions are changed as the composition change of the anions,

for [C,mim](AICl;), when x = 0.5, the ionic liquid is neutral; when x < 0.5 is acidic;

when x > 0.5 is alkaline. This kind of ionic liquid is sensitive to water and is easy

to be decomposed, so it must be used in an anhydrous environment. Ionic liquids

composed of BF-,, PF with substituted imidazolium ion [R'R*im] is stable to

water and air. There are CF, SO%*;, C;F,CO0-, CF?°COO-, SbF,", AsF, and other

anions can be used to synthesize various ionic liquids.

Method for preparing ionic liquids

1) One-step synthesis
One-step synthetic method includes acid-base neutralization and quater-
nary ammoniumization method. They have the advantages of simple oper-
ation, easy purification and no by-products. Acid—base neutralization is
the method of neutralization of alkali and acid and then to obtain product
after purification, such as the preparation of nitroethylamine ionic liquids,
first, the ethylamine solution and nitric acid are neutralized, the water in
the system is removed by vacuum dehydration and then the ionic liquid
product is dissolved in acetonitrile or tetrahydrofuran. Next is decolorization
with activated carbon, removing the organic solvent by vacuum to obtain
the target ionic liquid product. The quaternary ammonium reaction refers
to the reaction of halogenated hydrocarbon with methyl imidazole, such as
the preparation of [C,mim]Cl, the purified chlorobutane reacts with methyl
imidazole under reflux condition for 10 h, to get the crude [C,mim]Cl], then
the crude product was washed with ethyl acetate two to three times, finally
the ethyl acetate was removed by vacuum rotary evaporation to obtain
[C,mim]Cl ionic liquid.

2) Two-step synthesis
If the ionic liquid can’t be synthesized by one-step synthesis, two-step syn-
thetic method can be used. First, the quaternary ammonium was used to
prepare the halide salt ([cation]X) containing the target cation, and then the
target ion Y was replaced with X~ or Lewis acid MXy to obtain the target ionic
liquid. Following are the reactions:

C,Cl + mim - [C,mim]Cl
[C;mim]CI + AgBF, - AgCl + [C,mim]BF,
or
[C,mim]Cl + NH,BF, > NH,Cl + [C,mim]BF,
[C,mim]Cl + HBF,(aq) - [C,mim]BF,+ HCl

The chiral ionic liquids can also be synthesized by the method.
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3. Characterization of ionic liquids
Ionic liquids, as an important solvent and catalyst, play a more and more impor-
tant role in organic synthesis. Therefore, it is the key to determine the composi-
tion and catalytic properties of ionic liquids.

1)

2)

3)

4)

Structure identification of anions

The anion of the ionic liquid was determined by an Fast Atom Bombardment
mass spectrometry (FAB), and the FAB spectrum of the ionic liquid formed by
AICl; and [C,mim]Cl was shown in Figure 4.4.

Determination of cations

Nuclear magnetic resonance instrument (‘H NMR) is used to determine the
structure of ionic liquids by D,0 and DMSO-§; as solvent. [C,mim]BF, NMR
data are shown in Table 4.3.

Ultraviolet (UV) spectrometry analysis

Three kinds of ionic liquids of 2.5 x 10#mol in methanol, and their UV absorp-
tion spectra at 20 °C were shown in Figure 4.5.

Determination of ionic liquids by IR spectroscopy

The main functional groups were determined by the characteristic peaks of
infrared spectra of ionic liquids. The featured absorption peaks of the infra-
red spectra of ionic liquids are shown in Table 4.4 and Figure 4.6.

Table 4.3: 'H-NMR data of [C,mim]BF,.

Carbon number in imidazolium cation [C,mim]Cl  [C,mim]BF,

4 5 o * 5 )
/~—\ 6
N N/\/\
-3yt 77
H at No. 2 carbon 8.69 8.68
H at No. 4 carbon 7.46 7.46
H at No. 5 carbon 7.41 7.42
H at No. 6 carbon 4.18 4.19
H at No. 10 carbon 3.88 3.88
H at No. 7 carbon 1.84 1.84
H at No. 8 carbon 1.31 1.31
H at No. 9 carbon 0.91 0.92
AlC(; Al,Cl;0 AL,Cl,(OH)~
ALCL,
AlsCly,
1 i 1 i k i l b 1
100 200 300 400 500 600

Figure 4.4: FAB spectrum of the ionic liquid formed by AICl; and [C,mim]CL.
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Table 4.4: Infrared spectral data of typical ionic liquids.

Vinax (€M™) Band attribution Vinax (€M™1) Band attribution
3,168, 3,120 Aromatic C-H stretching 1,170 In-plane deformation
vibration of aromatic ring C-H
2,966, 2,912,2,878 Aliphatic C-H stretching 1,059 B-F vibration of BF,_
1,577, 1,456 Aromatic ring skeleton 838 P—F vibration of PF¢_
1,467, 1,385 Me C-H deformation
vibration

200 300 400 500 600 700
A/nm

Figure 4.5: UV absorption spectra of ionic liquids (1-[C,mim]Cl, 2-[C,mim]BF,, and 3-[C,mim]PFy).
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Figure 4.6: Infrared spectra of ionic liquids (1-[C,mim]Cl, 2-[C,mim]BF,, and 3-[C,mim]PFy).
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Acidity measurement and characterization of ionic liquids

There are two methods to determine the acidity of ionic liquids: Hammett
indicator method and infrared spectrum probe method. The IR probe method
is used to make the ionic liquid react with alkaline substances (pyridine
and acetonitrile), then analyze the product characteristic peaks in infrared
spectrum to understand the acidic type and strength of an ionic liquid.
When pyridine is used as the probe molecule, the peaks of 1,450 cm™ and
about 1,540 cm™, respectively, represent the Lewis and Bronsted acidity of
ionic liquids. When acetonitrile was used as probe molecule, the peak near
2,330 cm was the characteristic absorption peak of Lewis acid, and the peak
shifted to higher value when the acidity increases. The IR spectra of acetoni-
trile can also be used to determine the acid strength of an ionic liquid.

4. Applications of ionic liquid in organic synthesis

1

2)

3)

Friedel-Crafts reaction

Alkylation of isobutane with butene is used for the synthesis of high octane
to protect gasoline. The above reaction was carried out by using Cu?* modified
AlCl; type ionic liquid as catalyst, and the component of Cg in the product was
more than 75%, which was close to or reached the level of industrial sulfuric acid
alkylation, and the catalyst could be reused for eight times without activity loss.
Esterification

Because the separation of the products in the traditional esterification is dif-
ficult, ionic liquid is used as the catalyst and solvent. Since the ionic liquids
and esters are immiscible, they can be separated from each other automat-
ically, and the ionic liquid can be reused after dehydration at a higher tem-
perature. Experimental results show that the ionic liquid has a good catalytic
performance in the esterification.

Carboxyl synthesis

Carboxyl synthesis refers to the process by which olefins react with syngas
(CO and H,) to form aldehydes, which is the key method for the industrial pro-
duction of aldehydes. C,—C; carboxylation is generally carried out in water/
organic two-phase systems; higher carbon atoms of olefin with a low solubil-
ity in water can’t work in water/organic two-phase reaction system, and the
ionic liquid as the reaction media can easily solve the above problems.

4.2 Biocatalysis in Organic Synthesis
4.2.1 Introduction
Since the 1980s of the twentieth century, the application of biocatalysts in organic syn-

thetic chemistry has attracted more and more attention, and the research on organic
synthesis has been extremely well in recent decades [10, 11]. A lot of organic chemists
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do their best to research on the synthesis of special functions and complex natural

products. In recent years, synthesis program required the highly selective scientific

application and biological reactions. Asymmetric synthesis has become the forefront
of organic synthesis, and has an increasingly higher demand for asymmetric synthesis.

Therefore, the developing direction of organic synthesis is to select highly region-se-

lective and stereo-specific reactions, and biocatalysis is conform to this trend. Among

them, the enzyme-catalyzed organic synthesis has the following advantages:

(1) Enzymes are very efficient catalysts. The amount of enzymes is very less in the
enzyme-catalyzed reactions, but the reaction rate of enzyme catalyzed is above
106 times faster than nonenzymatic reactions.

(2) Enzymes are environmentally friendly. Enzymes can completely degrade into
environmental nonpolluting substances.

(3) Enzymes play a role in very mild conditions. Enzymes can work under mild condi-
tions; its reaction of pH values is in the range of 5-8, generally about 7.0, and the
reaction temperature is 20—40 °C.

(4) Enzymes can be compatible with each other. The conditions of different
enzyme-catalyzed reactions are often the same or similar, so several enzymatic
reactions can be carried out in the same reactor.

(5) The substrates and environments of the enzyme-catalyzed function are wider.
The enzymes show great tolerance; they can catalyze the reactions of nonnatural
materials, and they do not require the water environment.

(6) Wide applications of Enzyme-catalyzed organic reactions, including oxidation
and dehydrogenation, reduction, deamination and hydroxylation and methyla-
tion, ring oxidation and esterification, amidation, phosphorylation, open-loop,
isomerization, condensation and halogenated.

(7) Enzymes are highly selective. Enzyme catalyst exhibits regioselectivity, stere-
oselectivity and enantioselectivity, which is the key difference of an enzyme-
catalyzed reaction than that of the general chemical catalysts.

Enzyme-catalyzed reaction also has the following disadvantages.

(1) The parameters of enzyme action required are very narrow, the enzyme reaction
parameters (such as temperature, pH and ion strength) must be controlled accu-
rately; otherwise, the enzymes will lose the activity.

(2) Natural enzymes can form only one kind of enantiomer.

(3) Enzymes can only exhibit high catalytic activity in water.

(4) Enzyme-catalyzed reaction may cause an allergic reaction.

(5) Enzyme activity was often inhibited by high substrate concentrations or product,
even loss in the activity.

(6) Some enzymes subject to its natural cofactor.

Existing research results show that many enzymes can catalyze organic reactions in
anhydrous organic solvents or organic solvent containing a small amount of water.
Compared with water, the stability of enzyme in nonaqueous media can be greatly
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improved, and selecting a proper solvent can control the specificity for the substrate
and even control the stereoselectivity.

4.2.2 Basic Principle of Enzyme Catalysis

1. Lock-key theory
The mechanism of enzyme catalysis is first proposed by Fischer E. He proposed the
“lock key theory” in 1894; some researchers call this as “template theory.” By the
theory’s view, there is a strict complementary between the enzyme and the substrate
in structure, and the interaction between enzyme and its substrate is like a lock-and-
key mechanically. If the substrate molecule has minor changes in the structure, it
cannot be embedded in the molecule, and cannot be worked by enzyme, as shown
in Figure 4.7. Although this theory was quite successful at that time, but it’s believed
that the structure is completely rigid does not meet the actual state.

2. Inducing fit theory
Koshland proposed the inducing fit theory in 1958; this retained the concept of
complementary between substrate and enzyme. He thought that the enzyme
itself is not totally rigid, but has a very fine and soft structure. The combination
between enzyme and substrate is a dynamic fit, when the enzyme closed to a
specific substrate, the substrate will induce changes in the structure of enzyme
active site to make the catalytic groups accurately be located and the site are
located properly in the substrate-sensitive bond. The two fit well, forming an
enzyme-substrate complex, as shown in Figure 4.8. This theory can explain the
experimental facts that the formal theory cannot explain, especially the structure
modification information of lysozyme and elastase substrate binding by X-ray dif-
fraction. It is fairly consistent with the expectations of this theory.

3. The catalytic mechanism of enzymes
When the enzyme is binding with a substrate, it will release the part of binding
energy; thus, free energy of the transition state in enzyme-catalyzed reactions

>

Substrate Complex ES
+

Activesite

Figure 4.7: Diagram of “lock” and “key” of substrate and enzyme action.
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Figure 4.8: The schematic diagram of inducing fit theory of the interaction between substrate and
enzyme. A, acid base; B, alkaline base; S, substrate; E, enzyme; I, inhibitors.
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Figure 4.9: Free energy change during the reaction process.

was lower than that of a nonenzyme-catalyzed reactions. The activation energy
of enzyme-catalyzed reactions dropped; therefore, its reaction rate changes to be
fast, and makes the reaction equilibrium to achieve shortly.

For a simple single-substrate enzyme-catalyzed reaction, it can be presented
as the following expression:

E+S=ES—P+E

where E, S, P and ES represent enzyme, substrate, products and intermediate
complex of substrate, respectively. Figure 4.9 represents the free energy change
in the enzyme-catalyzed reaction, As shown in Figure 4.9, the activation energy
in the presence of enzyme is lower than that of the activation energy in a nonen-
zyme reaction.

Enzyme-catalyzed reactions contain two processes of enzyme and substrate
combination and acceleration of a reaction, which is achieved by the following
mechanisms.

1) Proximity and orientation effect

When a substrate molecule and a group of enzyme react, they must stay close

to each other. Maintain proper angles with each other to form the secondary
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bond (hydrogen bonds, van der Waals forces and so on). The molecular orbit-
als of reactive groups need overlapping. It seems to fix the substrates in the
enzyme’s active site, and existing as a certain conformation, maintain the
correct orientation to function effectively. When the distance and direction of
the substrate molecules achieve the best, the catalytic efficiency is the highest.
Acid-base catalysis

Acid-base interaction exists in most of the enzyme-catalyzed reactions, and
certain groups on the active site can be used as proton donors or acceptors for
substrates to proceed acid-base catalysis. Enzyme molecule contains several
generalized acid-base functional groups, such as amino, carboxyl, mercapto,
hydroxyl groups in arginine phenol and imidazole groups in histidine and so on.
Covalent catalysis

The catalyst with the substrate can form covalent intermediates of higher
reactivity to reduce reaction activity energy, so as to increase the reaction
rate. This is called covalent catalysis. And it referred to the nucleophilic or
electrophilic catalysis, and during the process, nucleophilic or electrophilic
catalyst acts on the substrate by electron-deficient centers or electron-rich
center, resulting in the rapid formation of instable covalent compound inter-
mediate, so the activation energy greatly reduced, and the substrate can go
across a lower barrier to form the products.

Substrate deformation

Many active sites do not fit with the substrates, but for combining with sub-
strates, the enzyme’s active sites have to deform (induced fit) to fit with the
substrates. Once combining with substrates, enzyme can induce the sub-
strate deformation, making sensitive bonds easy to be broken, and promot-
ing the formation of a new bond.

When an enzyme combined with a substrate, a number of weak inter-
actions can be formed. They did not really reach matching at first, while
the enzyme can induce the substrate distortion and force the substrates to
convert to transitional state. Only when the substrate reached the transition
state, the weak interaction between substrate and enzyme can achieve the
so-called fitting. That only in the transition state, enzyme and substrate mol-
ecules have the greatest interaction. As shown in Figure 4.10, enzyme and
substrate combined, making the substrate to deform and generate products.

Sensitive band

Inducing -fit m breaking o

to deform the substrate

Substrate \Q

Figure 4.10: The schematic diagram of inducing fit and substrate deformation.
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5)

6)

7)

Metal ion catalysis

Metal ions are necessary cofactors in many enzymes. Its catalytic role is
similar to that of acidic chemical catalysis, but multivalence metals play a
strong role than that of proton, and also have a coordination function, easily
making the substrates immobilized on the enzyme molecules.

The effect of microenvironment

Each protein enzyme has a particular spatial structure. This provides the
environment for functional groups to act and is called microenvironment.
The clap of two active sites is relatively nonpolar. This environment is char-
acterized by a low dielectric constant and repellent to polar water molecule.
In a nonpolar environment, the force between two charged objects increases
significantly than that in a polar environment. Catalysis groups are in polar-
ization in the low dielectric environment. When substrate is combined with
an active site, the forces between catalyst groups and the sensitive bonds of
substrate would be larger than that in polar environment. This hydrophobic
microenvironment prompted the reaction rate to improve.

Synergic catalysis

The multiple catalysis of enzyme usually results from the synergy of a few
elementary reactions, for example, chymotrypsin Ser195 as a nucleophilic
for nucleophilic catalysis, while the side-chain groups of His57 play a role of
alkaline catalysis.

4.2.3 Types of Biocatalysts

In the organic synthesis of biocatalysis, there are two main types of biological cata-
lysts that can be used: whole cells and vitro enzyme. As recommended by the Interna-
tional Union of Biochemistry enzyme classification methods, biological catalysts are
divided into six major categories (Table 4.5).

Table 4.5: Systems classification of biocatalyst enzyme.

Classification Type of catalytic reaction Typical examples

® Redox enzymes Redox reaction with electron transfer: C-H, C-C,  Alcohol dehydrogenase
C=C bonds

® Transfer enzymes Transfer of functional groups: aldehyde, ketone, Hexokinase
acyl, phosphonium, methyl, etc.

® Hydrolytic enzymes  Hydrolysis reactions: ester, amide, lactones, Trypsin
lactams, epoxides, nitrile

® Lyase Cracking reaction: C=C, C=N, C=0 bonds Pyruvate decarboxylase

® Isomerase Isomerization reactions: racemization, Maleic acid isomerase
epimerization, rearrangement, etc.

® Synthetic enzymes With cracking triphosphate C-0, C-S, C-N, Pyruvate carboxylase

C-Cbonds
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4.2.4 Typical Process of Biocatalysts Utilization

1.

Enzymatic production of L-amino acid

L-Amino acid is an important chiral compound with physiological activity and is
widely used in medicine, food and feed industry. With enzyme catalysis, various
substrates can be converted to L-amino acids, or split the amino acids into L-amino
acids. A variety of enzymes have been used for production of L-amino acids, and
some have undergone continuous production using immobilized enzyme. The
production of L-amino acid from acyl amino acids by enzymatic optical dissolu-
tion is illustrated as an example.

Amino acylation enzyme-catalyzed the asymmetric hydrolysis of racemic
N-acyl amino acids, including L-acyl amino acids by hydrolysis to form L-amino
acid and the remaining D-acyl amino acid racemization by chemical regenera-
tion to give N-acyl amino acid, and it endures asymmetric hydrolysis again. And
so forth, the N-acyl amino acid chemical synthesized can be transformed into
L-amino acids. Amino acylation enzyme’s optimal temperature is 60 °C, pH value
is 7.5-8.5 and Co* plays a role for enzyme activation.

In the industrial production, immobilized L-aminoacylase has been used on
continuous production of L-phenylalanine, L-tryptophan and other amino acids.
Biological production of acrylamide
Acrylamide (AM, CH,=CH-CONH,) is a versatile organic chemical raw material;
its production contains chemical catalysis and microbial catalytic hydration.
The traditional methods of chemical catalysis include sulfuric acid chemical
hydrolysis and chemical hydration with reduced copper catalyst. Both of them
have many problems such as complex process, difficulty in product refining,
pollution and many by-products. Compared with chemical catalysis, microbial
enzyme-catalyzed hydration has obvious advantages in feed conversion, reac-
tion conditions, product quality, environmental protection, production safety
and equipment investment. The microbial enzyme used in hydration is nitrile
hydratase, a protein produced by some microorganisms in the process of oxime
or urea metabolism. It can catalyze hydration of nitrile (—CN) of acrylonitrile (AN)
into amide (-CONH,). The catalytic process is shown in Figure 4.11.

Cell cultivation and
immobilization

Acrylonitrile

Water

— Hydration———=Separation of catalyst—sDecoloration—s Acrylamide

Waste catalyst

Figure 4.11: Biocatalytic production flow diagram of acrylamide.
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4.3 Asymmetric Catalytic Synthesis
4.3.1 Overview

Chirality is an essential property of nature, especially of a variety of substances in life
(such as amino acids, polysaccharides and nucleic acids) and plays a decisive role in
the normal growth and health [12-21].

Chirality is the noncoincidence of the molecules or a compound and its mirror
image, which means that certain types of groups in a compound molecule or mol-
ecule can be arranged in two forms that mirror each other, but they cannot overlap
(such as a person’s left- and right-hand relation).

Chiral compounds are in the same atomic composition, but with different arrange-
ment of atoms in three dimensional, leading to differences in configuration. A pair of
compounds having such an enantiomeric relationship is called enantiomers. If the
pair of enantiomers is mixed together in equal amounts, they are called racemates.

Chirality has a rotation in the physical properties of matter, that is, they can
rotate the plane-polarized light at a certain angle. The ability of the enantiomers to
rotate the polarized light is equal, but in the opposite direction. Among them, the
right-handed enantiomer (R) rotates the polarized light in the clockwise direction;
the enantiomer which rotates the polarized light in the anticlockwise direction is
called the left-handed enantiomer (S). While for racemates, since the rotational
effects of the constituent enantiomers cancel each other without causing polarization
rotation, there is no optical activity.

For the performance evaluation of chiral compounds, the ee values of the enan-
tiomers are mainly used to characterize them. ee value is defined as follows: ee value
refers to the percentage of the extra amount of an enantiomeric mixture of an isomer
(such as R) than another isomer (such as S) of the total amount.

It reflects the optical purity of chiral compounds; the greater the ee value, the
higher the optical purity. Since the absolute content of one enantiomer can be deter-
mined by analytical instruments at present, the optical purity of the compound
cannot be expressed with ee value.

Although the composition of the chiral compounds and the number of atoms are
equal, but because of the different arrangement of atoms, the properties of enantiom-
ers are completely different; hence, chiral compounds in new drug development have
an important status.

Chiral compounds are mainly derived from natural products and synthetic prod-
ucts. And synthetic product is an important way to obtain new chiral compounds.
Synthetic methods include racemate dissolution, substrate-induced chiral synthesis
and chiral catalytic synthesis, of which the chiral catalytic synthesis has been given
the most attention in academic and industries.

Asymmetric reaction technologies can be divided into four ways: @ asymmetric
reaction of chiral resources; @ asymmetric reaction of chiral assistants; G asymmetric

printed on 2/13/2023 6:03 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

4.3 Asymmetric Catalytic Synthesis =—— 95

reaction of chiral reagents; and ® asymmetric catalytic reaction. Asymmetric cata-
Iytic synthesis is characterized by mild reaction conditions and good stereoselectivity.
(R-)isomers or (S) isomers are also easy to produce, and prochiral substrate from a
wide range of resources.

For mass production of chiral compounds, asymmetric catalytic synthesis is the
most economical and most practical technology. Therefore, the development of high
efficiency, high selectivity and high yield of chiral catalyst has become the core of the
development of chiral technology.

4.3.2 Principle and Process Analysis of Asymmetric Catalytic Synthesis

1. The principle of asymmetric catalytic synthesis

Conventional asymmetric synthesis involves the introduction of asymmetric
elements in the symmetrical starting reactants or reactions with asymmetric
reagents, thus requiring the consumption of stoichiometric amounts of chiral
auxiliary reagents. While asymmetric catalytic synthesis is generally the use of
reasonably designed chiral metal complex catalyst or biological enzyme as a
chiral template to control the reactants of the textured surface, a large number of
prechiral substrates are selectively converted into a specific configuration of the
product, to achieve chiral amplification and proliferation.

Most of the asymmetric catalytic reactions occur on the sites of functional
group with the plane sp2 hybrid carbon atoms and tetrahedral sp3 hybrid carbon
atoms. These functional groups include carbonyls, enamines, enols, imines and
olefinic bonds, and the reaction includes asymmetric hydrogenation or asymmet-
ric addition of other groups. For example:

« H
R > 0 H, R>Q Prechiral ketone reduction
R' catalyst R' OH
R NucH R o Nuc Prec.h.iral ketone nucleophilic
>: o uc >\ addition
R catalyst R OH Nuc: nucleophilic group
R" H
R R \ R" . .
>:< H, ? Q olefin reduction
2
R R" catalyst R® o R™
R R v
— X-Y XT\\- OWR" - olefin addition
—_— \\
R' R" catalyst R\\\ R"
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Enantiomerically enriched substrates can be converted to enantiomers by asym-
metric catalysis, which disrupts the symmetry of the starting substrate. For

example:
NN R .
_ >\ allyl oxidation
, catalyst X
R4 ¥ R
Y X
H\\Hﬂ/H
R R
X
X or
H, oy expoxide open-loop-to
R R catalyst Y X  give ester
R\\HH
H R

Asymmetric catalysis can also be achieved by kinetic dissolution of the racemic
mixture of substrates. One of the enantiomers of the substrate is selectively con-
verted to the product in the reaction, while the other does not respond and pre-
serve. In certain reactions, both enantiomers are converted to the same enanti-
omer when the substrate is converted to the product. The following are examples
of kinetic resolution of racemic substrates:

=X
R R

H
>< - - + sharpless epoxidation

R X catalyst

NY

W

R H

R

H
H R .
>< - N & allyl substitution
R X catalyst R Y

In asymmetric catalytic reactions, the substrate and the catalyst with a chiral
center combine to form a diastereomeric transition state. In an environment
without a chiral center, the possihility of the formation of two enantiomers of the
molecular structures mirrorring each other is equal. In the case of chiral centers,
the difference in the activation energies of the two transition states with different
spatial configurations will result in the preferential selection of an enantiomer.
The difference in activation energy of the transition state is due to the interaction
between the chiral catalyst and the substrate. The activation energies differ by
6.0 and 12 kJ/mol at 25 °C, respectively, resulting in 80% (90%:10%) and 98%
(99%:1%) enantiomeric excesses, respectively.
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Catalysts for asymmetric catalysis should have the function of controlling the
activation of different substrates and the reaction products. On heterogeneous
catalysis, the catalyst interacts with the adsorbed substrate and the adsorbed
chiral auxiliary (modifier) to control the activation process. Experiments show
that the substrates that can be converted into the optically active enantiomers
with functional groups will interact with the active sites of the chiral centers of
the catalyst.

Process analysis of asymmetric catalytic synthesis

Asymmetric catalytic synthesis reaction process is similar to the general organic
catalytic reaction process, which mainly involves the ways of reaction operation
(reactor form, the separation between the reactants and product) and the reaction
process conditions (raw material than the reaction time, reaction temperature,
catalyst dosage, feed rate, solvent and its addition, inert gas protection). When
the reactants or products are temperature-sensitive substances or are susceptible
to oxidation, protection is required using an inert gas (nitrogen or argon). When
the reaction time is longer, intensification technology is needed to employ, such
as the use of microwave heating. It is recommended that the reaction is carried
out in an environmental-friendly solvent (ionic liquid and supercritical carbon
dioxide) or in a solvent-free manner.

The following is a brief analysis of the advanced synthetic technologies.

1) Asymmetric reaction catalyzed by ionic liquids
Ionic liquids are excellent solvents for many organic reactions; for catalytic
reactions, it can be recycled in most cases by extraction of the product, so
that the use of ionic liquids can be considered as a ligand-free catalyst-
immobilized method. If this catalyst immobilization method is used, the
enantioselective reaction is catalyzed by a chiral catalyst, and the recycling
of the catalyst can be achieved. In fact, asymmetric reactions in ionic liquids
have been studied less frequently, and are currently carried out in asymmetric
hydrogenation, hydroformylation, cyclopropanation, palladium-catalyzed
allylalkylation and epoxide ring-opening reactions. Molecular Identification
and Selective Synthesis Laboratory, Research Institute of Chemistry, Chinese

Academy of Sciences developed a new type of highly efficient ionic liquid

asymmetric small organic molecule catalyst — Baylis-Hillman. The catalyst

not only has high catalytic activity and is equivalent to the currently reported
optimal catalyst, but also can utilize the properties of the ionic liquid itself
to achieve the purpose of recycling. The catalyst was highlighted by the

American Chemical Society Heart Cut website as “a very efficient and reusa-

ble Baylis-Hillman catalyst.”

2) Asymmetric synthesis in supercritical media

In 1995, Burk successfully catalyzed the hydrogenation of dehydrogenated

amino acids in supercritical CO, with Ru-Duphos, and obtained products

with optical purity of 96.8%.
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3) Solvent-free system in asymmetric catalytic reaction

The use of a solvent is a conventional means of organic synthesis for dis-
solving reactants or carrying the small molecular by-products of the reaction
while achieving heat exchange and equilibration of the process. However, in
the production process, the use of solvents has also produced a correspond-
ing negative effects, such as the inevitable loss of the recovery process and
solvent pollution for the environment. Therefore, the solvent-free system is
the most popular choice.

There are two ways to realize the solvent-free system: one is to use the
reactants as the solvent; the other is the solid-phase reaction by solid reac-
tants grounding mixture. The asymmetric reaction of aldol reaction as an
example to illustrate the implementation of asymmetric reaction and the
effect of solvent-free system.

1.1 mol aldehydes, 1.0 and 0.1 mol (S)-proline were put into a ball mill,
and ball milled and mixed materials, and then heated to achieve solvent-free
catalyzed asymmetric aldol reaction. In the reaction with a nucleophile as
the reaction medium, a large excess of ketone is usually required in order
to obtain a higher yield of the product and acceptable stereoselectivity.
As shown in Table 4.6, aldol reaction of aldehydes and ketones occurs in
almost the same amount in the absence of solvent. The ball milling tech-
nique (Method A) enables the catalytic reaction to proceed efficiently,
resulting in a high yield of 99.0%, good stereoselectivity (ee value up to
99.0% or more).

(s)-proline
ball milling (A)

or stirring (B)

Compared with ball-milling method A and traditional magnetic stirring
method B, the milling time can be shortened greatly. The same reaction
conditions were applied to the whole solid reactant system. The diastereose-
lectivity of the product was excellent (anti/syn up to 99/1) and good enanti-
oselectivity (ee value up to 98.0%).

4.3.3 Catalyst Systems in Asymmetric Catalytic Reactions
1. Asymmetric metal complex catalyst
Asymmetric metal complex catalysts are complexes formed by chiral ligands and

transition metals. Asymmetric metal complex catalyst has the following advan-
tages: O high catalytic activity, so long as high stereoselectivity, can achieve the
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Table 4.6: Asymmetric catalytic reactions by homogenous and heterogeneous metal catalysts.

Reaction types Ni Cu Co Rh Pd Pt Ir Ru Mo Tl Fe
Oxidation C=0 x x x x x

=0 o o x0 x x x

C=N 0 s} o 0x x
Hydroformylation x x x
Hydrocyanation x x
Hydrosilylation C=C x x

C=0 x x x

C=N x
Hydroalkenation x
Intercoupling x x
reaction
Cyclopropanation x x
Polymerization x x x
Epoxidation x x
Isomerization x x
Amination x

Note: o presents heterogeneous catalyest, x presents homogeneous catalysts

desired catalytic effect; @ different metals and ligands combined with each other
to get a wide range of catalysts for the different types of reaction; @ few catalyst
input, such as Rh/DEGPHOS as catalyst, for the production of L-phenylalanine, 1
ton reactants consume only 400 g catalyst; ® the metal complex catalyst can be
immobilized, recyclable and reusable.

Asymmetric metal complex catalysts can be represented by L (M), L repre-
sents a chiral ligand and M represents a central metal ion (see Table 4.6). From
the table we can see that the complexes of each metal ion are suitable as catalysts
for one or more reactions.

The excellent chiral ligands should have the following characteristics: ®
When asymmetric centers of the substrate are formed, the chiral ligands should
bind to the central ion without inducing a solvent effect; @ the catalytic activity
should not be affected by the introduction of chiral ligands; ® the ligand struc-
ture should be convenient for chemical modification, and can be used for the syn-
thesis of different products. Different metal ions should select their appropriate
ligands for different catalytic reactions.

Currently used ligands are divided into the following categories: chiral phos-
phine, chiral amines, chiral alcohols, chiral amides and hydroxyl amino acids,
chiral dioxime, chiral sulfoxides and chiral crown ethers. The chiral phosphine
ligand is most widely used, and it can coordinate with a variety of metal ions to
form complex catalyst with excellent performance.
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As chiral phosphine ligands are expensive, chiral ligands containing nitro-
gen are currently being developed, and the nitrogen-containing chiral ligands
employ a lower cost, such as various substituted diphenylethylenediamines.
Biocatalyst system
Biocatalysts refer to microorganisms and enzymes used in catalysis with regional
and stereoselectivity, mild reaction conditions and environmental-friendly fea-
tures. However, due to the high price of most biocatalysts and the limitation of
substrate adaptation, the combination of chemical synthesis and enzymatic
synthesis is commonly used in industries. For some key steps, pure enzymes or
microorganisms catalytic synthesis is employed, and the general synthetic steps
employed chemical synthetic methods to achieve complementary advantages. At
present, biocatalytic organic synthetic reactions include hydrolysis, esterifica-
tion, reduction and oxidation.

1) Enzyme-catalyzed asymmetric hydrolysis

Most of the currently used enzymes for hydrolysis are hydrolases. These

enzymes are versatile and require no coenzyme to directly catalyze the

reaction. They are also highly resistant to organic solvents and have good
stereochemistry selectivity in alcohols, carboxylic acids, esters, amides and
amines. So in organic synthesis, racemic alcohols, acids and other sub-
strates undergo kinetic dissolution, that is, the difference in reaction rate
of hydrolysis or transesterification leads to two enantiomers in racemate
compound by enzymes or micro-catalyst further gives two optically active
products by dissolution. At present, chrysanthemic acid and cyanohydrin
dissolution in the synthesis of pesticides is the most used. In 1988, Mintcuta
applied for a patent for the industrial dissolution of chrysanthemic acid and
its precursors. (+)-cis-trans-2,2-Dimethyl-3(2,2-dichlorovinyl)-cyclohexane in
the presence of a buffer solution of NaOH or Na,CO; at 50 °C and (+)-trans-
2,2-dimethyl-3(2,2-dichloroethenyl) cyclopropanecarboxylate with optical
purity of 100% were obtained after 48 h of separation.

2) Biocatalytic asymmetric reduction

L-Carnitine (L-carnitine), also known as vitamin BT, plays an important role

in the metabolism of fatty acids in the body. It is an internationally recog-

nized functional food additive, added to infant formula, athletes’ drinks,
nutritional supplements and weight loss foods. Usually the chemical
synthesized D-carnitine is not only without physiological activity, but is
also the L-carnitine antagonist. L-Carnitine is prepared with a-chloroacetyl
acetoacetate reduction by baker’s yeast as the key step, and then by two-step
conventional reaction.

Chiral solid catalyst system

Chiral solid catalyst system includes chiral molecular sieve catalyst, chiral metal

organic framework catalysts, chiral phosphonic acid catalyst and asymmetric

phase transfer catalyst.
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4.4 Organic Synthesis in Fluorine Biphase System
4.4.1 Working Principle of Fluorine Two-Phase System

In perfluorinated solvents, also known as fluorine solvents or perfluorocarbons, the
hydrogen atoms in carbon atoms are all replaced by fluorine atoms in alkanes, ethers
and amines. The density of perfluorinated solvents is greater than that of organic
solvents, and perfluorinated solvents are colorless, nontoxic and have good thermal
stability, named as a new green solvent. Perfluorinated solvents are excellent solvents
for gases and can dissolve large amounts of hydrogen, oxygen, nitrogen and carbon
dioxide, but are poorly soluble in organic solvents and organic compounds.

Fluorine biphase system (FBS) is a nonaqueous liquid-liquid two-phase reaction
system, which consists of ordinary organic solvent and perfluorinated solvent. Due to
the high electronegativity of fluorine atoms in the perfluorinated solvent molecules
and the van der Waals radius is similar to that of the hydrogen atoms, the C-F bonds
are highly stable and are nonpolar. At lower temperatures (e.g., at room temperature),
the perfluorosolvent has very low miscibility with most common organic solvents
and is divided into two phases (fluorine and organic). However, with the increase of
temperature, the solubility of common organic solvents in the perfluorinated solvent
increases sharply. At a certain temperature, some perfluorocarbon can dissolve with
the organic solvent into a single phase, which provides good homogeneous condi-
tions for a reaction. At the end of the reaction, once the temperature is lowered, the
system reverts to the catalyst-containing fluorophase and the product-containing
organic phase (OP). The reaction principle of the fluorine two-phase system is shown
in Figure 4.12.

4.4.2 Applications of Fluorine Two-Phase System

1. Hydroformylation of olefins
The hydroformylation of olefins is an important industrial process, and the reac-
tion is usually carried out with HRh (CO) (PR;) ; as the catalyst, which is easily
soluble in the OP [22-24].

Organic phase
Reactants ———————— — Product

Heat Cooling
—— Homogeneous system —— = |

Perfluorinated solvent — L Perfluorinated solvent
Fluorined phase

Figure 4.12: Working principle of fluorine two-phase system.
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However, when the aldehyde product is separated from the catalyst by dis-
tillation in the posttreatment, the catalyst decomposes. In the hydroformyla-
tion of olefins with the fluorine-containing HRh (CO) {P [CH,CH, (CF,)sCF;];};
catalyst, the presence of a fluorine chain in its phosphine ligand makes it
easily soluble in the fluorine phase, while the solubility of aldehyde is very
small, so after the reaction, the simple liquid-liquid separation is used to
separate the catalyst from fluorine phase, and is isolated the product from
the OP.
2. Oxidation

The fluorine two-phase system is well adapted for the oxidation because the sol-
ubility of oxygen in the perfluorosolvent is high and the perfluorosolvent is not
easily oxidized. In addition, the vast majority of oxidation products are polar, insol-
uble in perfluorinated solvents, and thus the separation of product is simple and
convenient. The fluorinated solvent complex catalyst KRu (C,F;;COCH,COC;F;s),
is an excellent catalyst for the epoxidation of olefins having two substituents in
the presence of isobutanol. Even if monovalent olefins are present at the same
time, only double-substituted olefins are selectively oxidized to the correspond-
ing epoxy compounds. The fluorine-soluble catalyst may be used three times with
negligible loss of activity.

4.5 Organic Synthesis by Phase Transfer Catalysis
4.5.1 Overview

Phase transfer catalysis (PTC) is a new method of chemical synthesis developed in
the late 1960s and has been applied in industry since 1970 for many fine chemicals
production [25]. In recent years, PTC has been successfully applied to various types
of organic reactions, including halogenation, alkylation, acylation, carboxylation,
esterification, sulfidation, condensation, addition, reduction, oxidation, polymeriza-
tion and many base-catalyzed reactions.

PTC refers to the process by which a particular catalyst is used to accelerate the
reaction of two substances in a mutually immiscible two-phase system (a liquid—
liquid two-phase system or a solid-liquid two-phase system). In the reaction, the cat-
alyst transfers an entity (such as an anion) that actually participates in the reaction
from one phase to another, so that it reacts smoothly with the substrate.

PTC has the following advantages: @O faster reaction rate and shorter reaction
time; @ less by-product and high product selectivity; ® mild reaction conditions and
lower energy consumption; and ® ordinary phase transfer catalyst is inexpensive
and easy to obtain. So PTC has gained wider applications both in the laboratory and
in the industry, especially in fine chemical synthesis.
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Commonly used phase transfer catalysts are quaternary ammonium salts, crown
ethers, cryptand and open-chain polyethers.

4.5.2 Principle of PTC

In a neutral medium, the phase transfer catalyst provides a lipophilic cation which
migrates the anions of the reactants from the aqueous phase (AP) or the solid phase
to the OP. In an alkaline medium, one of the reactants loses the proton at the interface
of the two phases and initiates the reaction. The role of the phase transfer catalyst is
to rapidly transfer the anions produced at the interface to the OP. The reaction was
allowed to proceed until it completes.

Quaternary ammonium salt is the earliest discovered and the most commonly
used phase transfer catalyst, and quaternary ammonium salt action mechanism is as
follows:

In the above immiscible two-phase system, the nucleophile M* Nu- is dis-
solved in the AP only. The organic reactant R-X is soluble only in the organic
solvent and not in the AP. The two cannot be easily contacted to trigger a chemical
reaction. If the quaternary ammonium salt Q* X~ is added, its quaternary ammo-
nium cation, Q*, is lipophilic, so that it is soluble in the AP as well as in the OP.
When the quaternary ammonium salt is contacted with the nucleophilic M* Nu- in
the AP, the anion Nu- in the nucleophile can be exchanged with the anion X~ in
the quaternary ammonium salt to form a Q* Nu™ ion pair, The AP migrates to the
OP. Because Nu™ is naked with high activity, it reacts with R-X in the OP by rapid
nucleophilic substitution to form the target product R-Nu. The simultaneous for-
mation of Q* X ions in the reaction can also migrate from the OP to the AP to
complete the catalytic cycle of phase transfer. The quaternary ammonium cation,
Q*, is not consumed in the recycle, and only acts as a nucleophile Nu-immigrater,
so only a small amount of quaternary ammonium salt is needed to complete the
reaction.

The main factors affecting the PTC are as follows: (1) the distribution of phase
transfer catalyst (such as quaternary ammonium salt) between the AP and the OP,
or the distribution of anions between the two phases; (2) structure and condensed
state of the catalyst; (3) reactivity of ion pair in low polarity solvent; (4) reaction rate;
(5) hydration degree of anion in OP.

4.5.3 Applications of PTC
1. Medical synthesis

PTC alkylation of Schiff base opens up a new path for the preparation of a phys-
iological activity of amino acids. For example, the amination reaction of the
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benzophenone and the amino acid ester is carried out, followed by alkylation
under phase transfer conditions, followed by hydrolysis to give a methylene-
alkylated amino acid. The alkylation of the condensed amines is accomplished
by PTC in very simple conditions without the use of a lithium catalyst in anhy-
drous conditions. The mixture was stirred overnight at room temperature with 1
mol of the amide and an alkylating agent RX (1.2-4.0 mol), 10% aqueous NaOH
solution, (C,H,) N*Cl- catalyst overnight. The OP was separated, washed with sat-
urated aqueous sodium chloride solution, wherein the alkylation product is sep-
arated. The residual benzophenone was removed and refluxed with concentrated
hydrochloric acid for 6 h to give the amino acid. The reaction is as follows:

BF3- ether
(CgHs),C=0 + H,NCH,COOC,H; ——— (C¢Hs),C=NCH,COOC,H;
CeH,, (CHy),

KX H,0
—pic " (CeHaC= NCHCOOC,H; ———— NH,CHCOOH + (CeHs),=0

PI
R R

4.6 Combinatorial Chemistry Synthesis
4.6.1 Overview

Combinatorial chemistry originates from the groundbreaking work of Merrifield R. B.
in 1963 on the solid-phase synthesis of peptides, also known as combinatorial syn-
thesis, combinatorial libraries and automated synthesis [26-29]. Combinatorial
chemistry was originally developed to meet the needs of biologists for developing
high-throughput screening techniques for a large number of new chemical libraries.
Subsequently, the invention of a polypeptide synthesizer makes the process a con-
ventional means. In the mid-1980s, Geysen established a multi pointed synthesis
method. Houghton introduced the concept of peptide library in his established tea
bag method. In 1991, the establishment of hybrid split synthesis indicates that com-
binatorial chemistry has entered a stage of rapid development. In 1996, in the United
States, a “combinational chemistry” seminar was held. In the same year, two kinds
of combination chemistry and closely related magazines “diversity” and “biological
screening” were born. The American Chemical Society also founded the Journal of
Combinatorial Chemistry in 2000.

Combinatorial chemistry is the combination of chemical synthesis, computeraided
molecular design, and high-throughput screening. It can form a large number of related
compounds (called chemical library) in a short time by the bonding systematically and
repeatedly with different structures of the building block. By their rapid performance
screening, researchers can find the best target performance or the structurally active
compounds. Combinatorial chemistry is characterized by the formation of tens of
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thousands of molecules of the compound through a few steps of reaction, when com-
pared with the traditional synthesis method. It can achieve the preparations of thou-
sands and thousands of compounds at the same time to greatly accelerate the synthesis
of new compounds. Combinatorial chemistry consists of three parts: the synthesis of
compound libraries, library selection, library analysis and characterizations. According
to the structure type of the compound library to be synthesized and the required chemi-
cal reaction conditions, the compound library can be synthesized by a solid-phase syn-
thesis method, a liquid-phase synthesis method and a liquid-phase synthesis with a
carrier. Microwave-assisted combinatorial synthesis technology is a new combinatorial
chemistry technology for the preparation of chemical compound libraries. It can not
only overcome the shortcomings of traditional solid-phase synthesis technology and
liquid-phase synthesis technology, but also improve the product yield.

Combinatorial chemistry originated from the synthesis of drugs, and then moves
to the organic synthesis of small molecules, molecular structure analysis, molecular
recognition research, catalyst screening, receptor and antibody research and mate-
rials preparation and other fields. It is a new type of chemical technology. This is
a cutting-edge discipline of molecular biology, pharmaceutical chemistry, organic
chemistry, analytical chemistry, combinatorial mathematics and computer-aided
design. It plays a more and more important role in the fields of pharmacy, organic
synthetic chemistry, life sciences, materials science and catalysis.

4.6.2 Principles of Combination of Chemical Synthesis

Combinatorial chemistry breaks the conception of traditional synthetic chemistry,
and it is no longer synthesized individually for individual compounds, but to choose
a series of building blocks with similar structure and reactivity (4,, A,, ..., 4,) to react
with another building block (B;, B,, ..., B,) to obtain a mixture of all the combinations.
A few dozens, or even tens of thousands of compounds can simultaneously be synthe-
sized to form a compounds library.

In the conventional chemical synthesis mode, the reaction initiators are usually
in pairs. Each synthesis reaction produces only one compound, the product after sep-
aration and purification, as the intermediate and then to proceed the second step
reaction. This was repeated until the desired product was obtained.

Different from the traditional chemical synthesis, the reaction mode of combinatorial
chemical synthesis is as follows:

Al Bl
A, B,
A; + By — = AB/(i=1~n;j=1~n)
A B

n n
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Table 4.7: Relationship between the numbers of building blocks, numbers of reaction
steps, and molecule numbers in a library.

Numbers of building blocks Numbers of reaction steps Molecule number in library

102
103
104
202
20°
20%
100?
1003
1004

10

20

100

AW NP WNPDWN

Such a step reaction can generate n x n compounds. If AiBj is reacted with the build-
ing blocks (C,, C,, ..., C,) and (D,, D,, ..., D,), more compounds can be generated.
Combinatorial chemical synthesis is characterized by the use of a few steps to obtain
tens of thousands of compounds (see Table 4.7).

4.6.3 Applications of Combinatorial Chemical Synthesis

Combinatorial chemistry was originally developed to meet the needs of drug devel-

opment. It has made remarkable achievements in research and development of new

drugs, which has developed into a new scientific research technology in recent 10

years.

1. New drug synthesis
Hydrogenated uracil is a precursor of herbicidal active material synthesized by
solid-phase synthesis. Wang resin was selected as the carrier for solid-phase
synthesis to construct hydrogenated uracil compound library. Acrylic acid or
acryloyl chloride and Wang resin 1 to get acrylate 2; 2 reacts with primary amine
by Michael addition to get secondary amine 3; 3 then adds with isocyanate to
give urea 4; 4 dissociates from the resin in acid catalyst and simultaneously
loop closed, thus obtaining the target hydrogenated uracil 5. 5 is confirmed
by 'H-NMR, high-performance liquid chromatography and mass spectrometry.
On the basis of these results, a small chemical library containing nine kinds of
hydrogenated uracil is prepared by changing substitutes and their structures
were confirmed by gas chromatography-mass spectrometry. The reaction is as
follows:
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oo =

Wang resin
0] 0
cocl R,NH )j\A
— 1N H2
o OH — o—o)l\/ —0 NHR,
____CO,H 5 3

0

0 0
R,NCO J\A Nk
N —) I}I )I\ NHR, HCl/toluene E\i

R, N~ 0

|
4
Ry 5

2. Heterogeneous catalyst preparation

Combinational catalytic technology is the combination of combinational chem-
ical methods into the field of catalytic research. It is used in catalyst design,
preparation, evaluation, screening and characterization. On the basis of com-
puter-aided molecular design, advanced instrument analysis and high-speed
screening technology, a combination of catalyst library and efficient evaluation
system was designed. It can be used to reevaluate the present catalysts or used for
research and development of new catalytic systems with promising applications.
For example, the researchers have developed a unique catalyst preparation and
screening system: an improved inkjet printer is used to print Pt, Ru, Rh, Os and Ir
— five metals with various content on a conductive carbon fiber paper — and then
reduction of metal ions to obtain 80 kinds of two-component, 280 three-compo-
nent and 280 four-component composition, i.e., a total of 640 electrode mate-
rial spots. To evaluate the activity of these dots, it is found that Pt;, Rh,;0s,; and
Pt,.Ru,, Osylrs alloy catalysts show the best catalytic performance for the elec-
tro-oxidation of methanol.

Questions

Solid acid and base catalyst is suitable for what kinds of reactions?

What are the advantages and disadvantages of solid superacid as catalyst?
Mention the typical preparation method of solid superacids.

Mention the typical preparation method of zeolite and its catalytic properties.
Mention the typical preparation method of heteropoly acids(salt). Explain the
procedure for the preparation of ammonium molybdophosphate by solid-phase
method.

Explain briefly the properties of polymer acid and its representative products.

7. Sum up the typical preparation method of supported solid bases.

AW
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8. What are the properties of ionic liquid and typical preparation methods?

9. What are the characteristics of enzyme catalysis and application areas?

10. Illustrate the working principles of FBS.

11. Give examples to explain the applications of PTC in polymer synthesis.
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5 Green synthesis chemistry for polymer materials

5.1 Introduction

With the introduction of green chemistry as a subject by the end of the last century,
people’s understanding of green chemistry combining with various disciplines is
deepening, and the green strategy for polymer material synthesis technologies and
applications is gradually formed [1-3]. The research content of green chemistry for
polymer involves environmental-friendly raw materials, nontoxic polymer synthe-
sis process or catalyst, nontoxic polymer material itself and atom economic reaction
characteristics without by-product formation.

The concept of “ecological polymer materials” in the synthesis of polymer materials
relates to the ecological chemistry (mainly refers to raw materials and polymerization
process), ecological production (mainly refers to production environment), ecological
utility, ecological recovery, recycling and a profound effect for residues in the ecological
environment. The ideal ecological study for polymer materials content should include
the utility of nontoxic and harmless raw materials, harmless (waste gas, wastewater
and waste residue) material production (zero emissions), no environmental pollution
during high polymer molding, easy waste recycling and recovery for materials.

Therefore, the requirements for green synthesis of polymers are shown as follows:
(1) Raw materials friendly to the environment and scarce resources are forbidden to use.

To select agricultural and sideline products as raw materials is the best choice. For

example, in the synthesis of alkyd paint, mainly agricultural and sideline products,

soybean oil, castor oil fatty acid anhydride and polyols are employed to prepare

alkyd resin, and then the resin reacts with isophorone diisocyanate (IPDI), extended

by chain extender, to prepare polyurethane-modified alkyd resin. In the synthesis

of polyurethane elastomer or paint, people tend to give priority to the castor oil as

preferred raw material to prepare the polymer which can meet the requirements.
(2) Nontoxic solvents are desirable in the polymerization process.

For example, water as solvent, ionic liquid, supercritical fluid (SCF) as reaction

medium and sometimes even some toxic solvents are to be used, but these should

recycle and reduce the residual ratio in the product.
(3) Polymerization reaction process should be environmentally friendly.

For example, the use of microwave-induced polymerization, photo-initiated

polymerization, radiation cross-linking polymerization, plasma polymerization

and other green processing technology will not cause a hazard to the environment.
(4) Highly efficient and nontoxic catalysts are trends of development.

Highly efficient and nontoxic catalysts are usually used to improve the catalytic

efficiency, shorten the polymerization time and reduce the energy required for

the reaction. For example, enzyme-catalyzed polymerization is a typical polym-
erization reaction carried out with nontoxic catalysts.

https://doi.org/10.1515/9783110479317-005
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(5) No by-products were produced; at least no toxic by-products are generated during
the polymerization process.
This is exactly the embodiment of the atom economy proposed by Professor Trost
in polymer polymerization. Based on the above several aspects, this chapter will
give the elaboration of the contemporary development of the polymer green syn-
thesis technology, understanding the typical polymer green synthesis technology
from the principle and its application in the development of national economy.

5.2 Polymerization Technology Employing Water
as Reaction Medium

Water is the origin of life; it is only a nontoxic liquid reaction medium in chemical
solvents. Whether it is organic chemical reaction or polymer chemical reaction, the
reaction in water or polymer products in the dispersion medium can greatly reduce
the damage to environment [4]. To pursue the realization of water as the dispersion
medium for industrial production is a dream of chemists or chemical science and
technology workers.

Free radical polymerization of a-unsaturated monomers (monomers) in presence
of water phase avoids the use of organic solvents besides solving the engineering
problems of exothermic in aqueous phase, whether the process of reaction process or
the application of product doesn’t pose a hazard to the ecological environment.

5.2.1 The Advantages and Disadvantages

In fact, the free radical polymerization of the unsaturated monomer (vinyl
monomer) in the aqueous phase is usually referred to the emulsion polymerization
in polymer chemistry. The simplest recipe of emulsion polymerization mainly con-
sists of four components, which are monomer, water, water-soluble initiator and
water-soluble emulsifier. Emulsion polymerization has the following advantages
when compared with bulk polymerization, solution polymerization and suspen-
sion polymerization.
1. Solution of engineering problems for heat exchange
The main features of emulsion polymerization attribute to water as the reaction
medium, polymerization reaction system with low viscosity, easy controlled
internal heat exchange and the other main features. When compared with the
bulk polymerization, its continuous phase is aqueous and reaction spots locate
in latex particles in aqueous phase. Although the internal viscosity of latex is
very high, the viscosity of reaction system is low, which is basically close to that
of the continuous phase (water), and the viscosity of the system in the process of
polymerization viscosity changes little.
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2.

With high relative molecular weights and reaction rate

When compared with free radical bulk polymerization, solution polymeriza-
tion, suspension polymerization and emulsion polymerization follow the similar
reaction mechanism consisting of chain initiation, chain growth and chain ter-
mination reaction, and follow the similar reaction kinetics. However, emulsion
polymerization also has its own unique mechanism which can improve the reac-
tion rate and increase the average relative molecular weight of polymer in perfect
harmony. Therefore, it follows another dynamic law.

In the emulsion polymerization system, the initiator is dissolved in the
aqueous phase and continuously decomposed into free radicals. Once the free
radicals in aqueous phase are diffused into the micelles or latex particles, the
polymerization occurs in isolated latex particles; free radicals in latex particles
can maintain a longer life and the higher average relative molecular mass. The
chain termination reaction occurs only when the extra active free radicals enter
the latex particles from the aqueous phase, thereby the polymer with higher rel-
ative molecular weight can be obtained. In addition, the latex particle’s surface
with the same charge, owing to the electrostatic repulsion between the particles,
there is no possibility for both to collide with each other for different latex and
chain termination reaction between latex. So, the chain termination rate of emul-
sion polymerization is very low, the free radical active chain has sufficient time
for chain growth reaction, and the polymer with superhigh average molecular
weight is obtained.

On the other hand, both the lower chain termination reaction rate and the
longer life of free radical lead to the higher reaction rate and higher molecular
weight, from which the special characteristics of the emulsion polymerization
method are embodied.

Representing the development trend of chemistry and chemical industry
Most emulsion polymerizations are based on water as the medium, both the use
of expensive solvents and the trouble of solvent recovery are avoided; meanwhile
the possibility of causing fire and polluting the environment is reduced. As water
replaces the organic solvent medium, many favorable characteristics such as no
burning, no explosion, nontoxic, tasteless, no environmental pollution, the safety
production features, harmless to the human body and great improvement in the
work environment are obtained. The water is cheap and easy to get; it can signifi-
cantly reduce the production cost. With the introduction and strengthening of envi-
ronmental protection law in the world, employing water instead of organic solvent
as reaction medium is the inevitable trend of development. Therefore, employing
water as the dispersion medium in the polymerization shows a strong vitality.
Easy treatment of polymer products

After polymerization, through postprocessing the polymer emulsion is condensed
into massive, granular or powdered polymer, and then processed into a variety of
products. It is also directly used as adhesive, paint and other materials used in the
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construction industry directly, textile, papermaking, leather, etc. In the case of
polymer latex application, it is particularly suitable for emulsion polymerization.

In addition to the above-mentioned advantages, some disadvantages of
emulsion polymerization are also available: (1) when solid polymer from the
emulsion is needed, available condensation, washing, dehydration, drying
and a series of postprocessing process will lead to the higher production cost;
(2) when the emulsifier used in the reaction system is difficult to be removed from
the emulsion, all residues in the polymer will affect the electrical performance,
transparency, water resistance of final product and surface gloss of workpiece;
(3) when the effective space available for reactor is reduced, the rate of equipment
utilization is reduced.

Despite the drawbacks of emulsion polymerization, however its many advan-
tages determine the economic value, social value and environmental value of
emulsion polymerization in polymer chemical industry.

5.2.2 Compositions of Aqueous Polymerization System and Their Function

Free radical polymerization of a-unsaturated monomers (monomers) in aqueous

phase composition mainly comprises monomer(s), emulsifier, water-soluble initiator,

dispersing medium, water, etc. The functions of each component of the four parts are

described as follows:

1. Monomers
The common monomers for emulsion polymerization is vinyl monomers (such
as styrene, ethylene, vinyl acetate, vinyl chloride, vinyl chloride and other two
partial), conjugated diene monomer and acrylic acid or methyl acrylate monomer
(such as methyl acrylate, ethyl acrylate, acrylic acid hydrocarbon propyl ester,
methyl methacrylate (MMA), methacrylic acid, acrylamide, acrylonitrile and
butyl hydrocarbon acrolein). The dosage of monomer is mostly controlled from
40% to 60%

Emulsion polymerization is presently the predominant process for the com-
mercial polymerizations of vinyl acetate, chloroprene, various acrylate co-polym-
erizations and co-polymerizations of butadiene with styrene and acrylonitrile. It
is also used for methacrylates, vinylchloride, acrylamide and some fluorinated
ethylenes.

In order to reach the desirable properties of emulsion polymers, co-polym-
erizations of a variety of monomers are often used. For the emulsion formula-
tion design, based on the specific properties of polymer, selected monomers are
necessary, such as MMA, acrylonitrile, acrylamide and polar groups can give
emulsion polymer with good weatherability, transparency and antipollution;
butadiene, chloroprene and vinyl chloride to give emulsion polymer water resist-
ance, flame resistance and oil resistance; acrylic acid, itaconic acid and fumaric
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acid monomer-containing carboxyl groups can greatly improve the stability of
polymer emulsion, and for use in the future, carboxyl groups can provide further
curing cross-linking reaction potential. In case of high tensile strength and other
mechanical properties for emulsion polymer, hard monomers leading to high T,
should be chosen in formulation, such as MMA, styrene, acrylonitrile and vinyl
chloride In case of supertoughness or flexibility for emulsion polymer or using
as coatings and adhesives for emulsion at room temperature, the soft monomers
leading to the low T,, such as butyl acrylate, butadiene chloroprene, should be
considered.

In order to improve the hardness, tensile strength, wear resistance, solvent
resistance and water resistance of emulsion polymer, a network structure
polymer is often constructed from the linear polymer. The copolymer should
contain reactive comonomers with cross-linking groups, such as (meth)acrylic
acid and hydroxyethyl, (meth)acrylic acid, (methyl)acrylamide. Because of the
cross-link reaction of reactive groups with itself or with the added cross-link-
ing agent, the formed cross-link network can improve the properties of polymer
significantly.

Emulsifiers

The emulsifier plays a very important role in emulsion polymerization system.
The monomers can be dispersed into small monomer droplets by means of
the emulsifier. The monomer droplets are stabilized by surfactant molecules
absorbed on their surfaces. The monomer droplets are usually regarded as
monomer “warehouse.” The hydrophobic monomer-soluble micelle made of
surfactant molecules in water is an important source of latex particles. The
emulsion polymer is stabilized by surfactant molecules absorbed on the surface
of latex particle; the polymer emulsion in polymerization, storage, transporta-
tion and application is kept stable; and demulsification can’t be condensed, at
the same time, the emulsifier also directly affects the reaction rate of emulsion
polymerization.

According to the nature of the hydrophilic group of the emulsifier, the emul-
sifier in emulsion polymerization is divided into four types, which are anionic,
cationic, ampholytic and nonionic. Anionic emulsifiers commonly used are
carboxylic acid salts (such as potassium lauric acid, stearic acid, oleic acid
and potassium salt), sulfate (12 sodium dodecyl sulfate and 16 sodium dodecyl
sulfate), sulfonate (two succinic acid ester sulfonate and sodium sulfonate) and
so on. Sulfate and sulfonate emulsifier can be used in acid and alkaline condi-
tions, and organic carboxylic acid salt in weak alkaline medium can be used to
maintain the ionic carboxyl group.

Cationic emulsifier can be used in the preparation of positively charged
polymer emulsion. Cationic emulsifier is commonly used in emulsion polymer-
ization with ammonium salt (e.g., 12 alkyl ammonium chloride) and quaternary
ammonium salt type (e.g., 16 alkyl three methyl bromide).
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The application of ampholytic emulsifier in emulsion polymerization is rel-
atively less. However, the nonionic emulsifiers, such as polyol ester-type fatty
alcohol polyoxyethylene ether, alkyl phenol polyoxyethylene ether, polyoxyeth-
ylene fatty acid ester, polyoxyethylene nonionic emulsifier, Span and Tween are
widely applied in emulsion polymerization.

The type and concentration of emulsifier have significant effect on the size
and number of emulsion particle, relative molecular weight of the polymer, the
polymerization rate and the stability of polymer emulsion.

Initiators

According to the generation mechanism of free radicals, the initiator for emulsion
polymerization is divided into two categories: one is thermal decomposition initi-
ator and another is redox initiator.

1) Thermal decomposition initiator

The mostly used thermal decomposition initiators in emulsion polymeriza-

tion are peroxide, such as potassium sulfate and ammonium peroxide, and

the free radical generated by the cracking occurs in the case of heat.
2) Redox initiator

This kind of initiator is composed of oxidant and reducing agent. A free
radical leads to the polymerization from a redox reaction between an oxi-
dizing agent and a reducing agent. Redox initiators used in emulsion polym-
erization usually are referred to persulfate-mercaptan, persulfate-sodium
bisulfite, chlorite bisulfite, hydrogen peroxide and ferrous salt, organic
peroxide, hydrogen peroxide and ferrous salts of organic polyamine redox
system.

With an increase of initiator in concentration, there will be an increase
in the rate of free radical formation, the nucleation rate, the number of latex
particles and the polymerization rate. Meanwhile, the increase of free radical
generation rate also enhances the chain termination rate, and decreases the
average relative molecular weight of polymer. In order to reflect the charac-
teristics of high molecular weight and high reaction rate, the concentration
of initiator should be controlled properly.

4, Reaction medium

The polymerization of unsaturated monomers (vinyl monomers) in aqueous
solution has strict requirements on the water medium. Because the metal ions
in the water (especially calcium, magnesium, iron, lead and plasma) can seri-
ously affect the stability of polymer emulsion, and have inhibition effect on the
polymerization process, the distilled water or deionized water are employed in
the emulsion polymerization process, the conductivity value of water should be
controlled below 10 mS/cm.

Reaction temperature for some monomers is required at 10 °C even at low
temperature of —18 °C. As the freezing point of water is °C, the antifreeze agent is
also added in water. One kind of antifreeze agent is the nonelectrolyte antifreeze
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agent, such as methanol, ethanol, ethylene glycol, acetone, glycerol, ethylene
glycol alkyl ether, two oxygen six ring. Another kind of antifreeze agent is the
electrolyte antifreeze agent, such as NaCl, KCl and K,SO,. Electrolyte antifreeze is
cheap and easy to get; the appropriate antifreeze can reduce the critical micelle
concentration of emulsifier and polymerization rate and can improve the stability
of emulsion system, so the electrolyte antifreeze is only in a small range to reduce
the freezing point of water. In particular, nonaqueous solvents as a medium for
emulsion polymerization are rarely used.

5.2.3 Principle of Aqueous Polymerization

Emulsion polymerization process of a-unsaturated monomer (monomer) in aqueous
solution is divided into four stages, that is, the stage of dispersion (emulsion phase),
nucleation stage (phase I), latex particle growth stage (phase II) and polymerization
stage (stage III).

1.

Dispersion (emulsion phase)

Before the addition of the initiator, the polymerization reaction does not occur in
the system, the monomer is only dispersed in droplet form by the stabilization of
emulsifier and mechanical stirring; therefore, the dispersion stage is also called
emulsion phase.

The micelle from emulsifier is formed in the water, and the critical micelle
concentration (CMC) for a special emulsifier is a certain value at a certain tem-
perature. The average number of molecules in a micelle is called the aggregation
number, the general aggregation number of the emulsifier is between 50 and 200,
and the particle size is 5-10 nm. In the normal emulsion polymerization system,
there are 10*® micelles per 1 cm’water.

Figure 5.1 is schematic diagram of emulsion polymerization system in dis-
persion stage. From Figure 5.1, emulsifier exists in the form of micelle, single
molecule adsorbed on the surface of monomer droplets or a single molecule in
water phase. Most monomer exists in monomer droplets, only a small amount

Figure 5.1: Schematic diagram of dynamic equilibrium among the emulsifier, monomer, monomer
droplets and micelles. ® monomer, O emulsifying agent, water phase, % micelle.
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of monomer is distributed in hydrophobic micelle or dissolved in the water.
To balance a dynamic relationship for emulsifier and monomer, they are built
among water, monomer droplets and micelles.

Nucleation stage (phase I)

When the water-soluble initiator is added to the reaction system, the initiator
is decomposed to generate free radicals at the reaction temperature. Before the
beginning of the polymerization, the induction stage of the polymerization reac-
tion is often passed. After the induction stage, reaction speedup stage occurred.
As the formation of latex particles mainly occurred in this stage, stage I is also
called latex particle formation stage. The generated radicals produced can diffuse
into micelles, to monomer droplets, or dissolved in aqueous phase. Because the
number of micelles is much more than that of monomer droplets, under normal
circumstances, most of the free radicals will enter into soluble micelles. Once the
free radicals entered into the hydrophobic micelles, they immediately initiate
monomer to form living polymer in micelle, and the micelle polymer particles
change into the monomer swelling (latex). This process is called micelle nuclea-
tion process. The micelle from the emulsifier is the main source of latex particles;
the greater the concentration of the emulsifier, the more the number of micelles
in the system and the more the number of latex particles, the higher is the rate of
polymerization reaction.

The polymerization mainly occurred in the latex particles. In the polymer-
ization reaction, the monomer in the latex particles is gradually depleted, and
a free monomer molecule in water phase will continue to diffuse into the latex
particles. The monomer exists in dynamic equilibrium among latex and aqueous
and monomer droplets, with the continuous consumption of monomer in latex
particles. The mobile equilibrium constantly moves along the monomer droplets,
water phase and latex particle direction to keep the constant concentration in
latex particles, as shown in Figure 5.2.

Although the free radicals in aqueous phase polymerize free monomer
molecules dissolved in water or diffused into monomer droplets to form latex

Polymer particles

- - A
e
Monomer droplet R ENS
Monomer droplet Water phase Latex particles

Figure 5.2: Schematic diagram of dynamic equilibrium of particles from micellar nucleation to latex
particles formation.
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particles, the research results show that the latex particles mainly occurred in
solubilization micelles (i.e., by micellar nucleation mechanism), and the other
two generation mechanisms of latex particle are very few, and even can be
ignored.

Latex particle growth stage (phase II)

The end of the acceleration phase is characterized by the disappearance of
the micelles; all of the micelle particles in the system are transformed into the
latex particles and the number of latex particles in the phase II is no longer
increased, and the number of the particles is kept constant. The polymeriza-
tion of the monomer in latex particles makes their size become larger. With the
continuous consumption of the monomer in the latex particles, the balance
of the monomer moves from the droplets to water phase and then to the latex
particles, and the monomers in monomer droplets gradually decrease till the
disappearance of the monomer droplets. This interval from deplete of micelles
to disappearance of monomer droplets, and with the constant number and
increasing size for the latex particles is called phase II or latex particle growth
stage. In stage II, the emulsifier maintains a dynamic equilibrium among the
monomer droplet, surfactants, free radical and polymer latex particles, as
shown in Figure 5.3.

Polymerization completion stage (stage III)

At the stage of polymerization, the characteristics are the disappearance of both
the particle and the single body fluid droplet. Only the emulsion particles and
water phase exist in the system. Emulsifier, monomer and free radicals are deter-
mined by their dynamic equilibrium in these two phases. The monomer is con-
verted into a polymer under the action of free radical; hence this stage is also
called polymerization completion stage (Figure 5.4).

In this phase, the initiator in the aqueous phase continues to decompose
the free radicals, and the free radicals also continue to diffuse into the latex
particles and leads to polymerization in the latex particles. At this time, since
the latex particles can only consume the stored monomers, the monomer can
not be supplemented, so the concentration of monomer in the latex particles

%

%
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Figure 5.3: Schematic diagram of dynamic
b equilibrium among the monomer
droplets, surfactants, free radical, and

° polymer latex particle.
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Figure 5.4: Schematic diagram of dynamic equilibrium among the monomer, surfactants, free
radical, and polymer latex particle.

gradually decrease with an increase in reaction time. With the monomer
concentration gradually reduced, polymer concentration increased gradually,
the macromolecular chain tangled together, the rate of latex viscosity gradually
increased and the rate of termination for free radicals in latex particles is
decreasing rapidly. The life of the free radicals has grown longer. Therefore, in
phase III, with the increase of conversion rate of monomers in latex particles,
the reaction rate increased very much, This phenomenon is called Trommsdoff
effect or gel effect.
The polymerization kinetics curve is shown in Figure 5.5.
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Figure 5.5: Kinetic curves of emulsion polymerization.
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5.2.4 Application of Green Polymer Latex

1.

Application of polymer emulsion in textile

A lot of polymer emulsion show excellent adhesion properties, so besides a
binder for printing paste in the textile, the polymer emulsions are also used as an
adhesive in the following textile process, such as electrostatic flocking, as adhe-
sive-coated cloth, short fiber can be planted in the cloth linters by electrostatic
interaction, and after drying and baking short fiber vertical adhesive the cloth to
form electrostatic flocking products.

Application in construction industry

Emulsion paint (commonly known as latex paint) is one kind of a water-
based paint, which employed synthetic polymer emulsion as the base mate-
rial, pigments, fillers and additives were dispersed in the formation for water
dispersion system. The latex paint has the advantage of quick drying, and the
container can be used again. Most latex paints are odorless or slightly taste, and
in the humid climate conditions it can work on the wet surface of the construc-
tion; the film has the characteristics of alkali resistance, and weathering, so the
latex paints are quite popular to be used.

Application of polymer latex in metal coating industry

Metal surface coating is a common process for metal materials processing. The
coating can make the metal surface smooth and beautiful luster, and can play the
role of internal corrosion resistant effect. It is widely used for ships, cars, bridges
and other large metal structures; it can not only play the role of beauty but also
can improve the service life and corrosion resistance of metal components. Elec-
trophoretic paint is a common coating for metal surface which is briefly described
as follows.

The electrophoretic paint is a water-based coating, polymer particles of
which can auto deposit on the anode plating in the electric field of. Electropho-
resis (electro deposition) paint that is similar to ordinary electroplating, works
in electrolytic tank. According to the types of charged particles, the particles are
divided into anode electro-deposition and cathode electro-deposition. Usually
the anodic electro-deposition often uses the latex particles with negative charge
from carboxyl anion groups or particles around the adsorption of anionic emul-
sifier around latex particles. If the latex particles contain quaternary ammonium
salt and other cationic groups, the latex particles with a positive charge can
prepare cathode electrophoresis paint to be used. Its working principle is shown
in Figure 5.6.

After neutralization by the organic acid, cationic polymer resin under the
action of electric field occur the following reactions:

Polymer particles with positive charge make directional movement toward
the cathode under the electric field, at the same time, the following reactions
occur in the cathode region:
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Z Figure 5.6: Schematic diagram for cathodic
electrophoresis paint.

neutralization HI*
mhllw + CH;COOH ————— N]’W“ + CH;C00~
|

CH, HyC

2H,0 + 2e > 20H- + H,™
The increase in hydroxyl ion concentration cathode interface enhanced the pH

value, the electric neutralization reaction occurred with positively charged parti-
cles and deposition of polymer occurred on the surface of the cathode.

H +
e + 200" —— mllqwl + H0
|

CH, HyC

While, the following reaction also occurs in the anode area:
2H,0 > 0, ™ + 4H* + 4e
A wet layer of resin film is formed on the surface of the cathode plating part, and

the wet resin film is solidified via high temperature or other method to obtain the
dense electrophoresis paint film.

5.3 Polymerization Technology in lonic Liquids

As a substitute for the traditional organic solvents, the new field of green chemis-
try technology has been explored via investigation of the application of ionic liquids
[5, 6]. Especially in polymerization, the application research for ionic liquids got sig-
nificant development and many excellent achievements.
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5.3.1 Radical Polymerization

In recent years, the study of the free radical polymerization in room temperature ionic

liquids has got notable research effect that the traditional free radical polymerization

cannot achieve. The typical characteristics are as follows:

1. The faster polymerization reaction rate and the higher relative molecu-
lar weight

For example, MMA free radical polymerization can easily be carried out in

ionic liquids of 1-butyl 3-methyl imidazole six fluoride phosphate ([bmim][PF])

(Figure 5.7). With an increase in concentration of ionic liquids, the chain propaga-

tion constant k, enhances, and the k; of chain termination rate constant decreases.
By comparing the radical polymerization reaction for MMA in ionic liquid

[bmim][PF,] and benzene solvent, the polymerization reaction rate of MMA

in ionic liquids is about 10 times in the benzene, and the prepared polymethyl

methacrylate (PMMA) polymer has a larger relative molecular weight. Because of
the high concentration of [bmim][PF] it makes ionic liquid polar enhancement,
and the homogeneous phase for the reaction system has always been main-
tained in the polymerization process, so the faster reaction rate of polymerization
was observed.

2. Block copolymerization as target product

Generally, the traditional radical polymerization cannot realize the synthesis of

block copolymer. Since the use of ionic liquids as solvents, synthesis of block

copolymer by radical polymerization reaction became a reality. Co-polymeriza-
tion of styrene (St) and MMA monomer in [bmim][PF,] can get PSt-b-PMMA block
copolymer with weight average molecular weight (Mw) from 2 x 10°to 8 x 10°.

Radical polymerization reactions in ionic liquids have two characteristics
which are as follows:

(1) Because of the higher viscosity for ionic liquids, with precipitation of polymer,
the probability of termination for living growing chain radical that are con-
trolled by diffusion became lower, and the life of free radical got extended; so
both the relative molecular weight and polymerization rate got increased;

(2) Because of the solubility of polystyrene (PS) in the ionic liquid is very small,
and the solubility of PMMA in the ionic liquid is strong, St is added first and
PS is prepared. To a certain degree of polymerization the residue monomer

CH,
[bmim][PFg] [ | H, -‘
nCH, = C —COOCH, ————— C

C
s COOCH, n

Figure 5.7: Free radical homopolymerization for MMA monomer in [bmim] [PF].
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of St was removed from the reaction system by a vacuum, and then MMA
monomer was added. Since MMA is completely dissolved in ionic liquids, the
polymerization can proceed.

Ionic liquids can not only be used in the free radical polymerization, but also in
the study of active free radical polymerization, and some achievements have been
obtained.

Most of the studies on living radical polymerization are about atom transfer
radical polymerization (ATRP) and reverse ATRP. The ATRP reaction is initiated by
an organic halide (initiator), a transition metal low valent salt (catalyst) and a nitro-
gen-containing bidentate ligand. The reaction mechanism is shown in Figure 5.8.

It can be seen from the above reaction mechanism that the content of transition
metal compounds plays an important role in controlling the polymerization reac-
tion. The ability of ordinary organic solvents to dissolve transition metal compounds
is weak, and the ATRP reaction is generally heterogeneous. In order to achieve the
purpose of effective control of polymerization, it is often necessary to add a large
number of metal catalysts, which not only increases the reaction cost but also inevita-
bly lead to the pollution of the residual metal ions to the polymer.

Carmichael studied the ATRP reaction for MMA in [bmim][PF], as shown in
Figure 5.9. It was found that the polymerization can obtain a very high reaction
rate and low molecular weight distribution polymer (Mw/Mn = 1.30-1.40) at a low
temperature.

Because the [bmim][PF] is insoluble in toluene, polymer can be extracted from
the reaction mixture with toluene after reaction, and the vast majority of metal ions
is still in ionic liquids and does not pollute the polymer; therefore, the problem of
residual metal ions polluting polymer has been solved.

Initiation R—X + ML —————= Rjp+X£-M*]

>1<+M kllm

R—M—X + ML [RE - Mjn + X£ - M,"*11]

Propagation Kya
P,/ X + ML

[Pnjn + X£ — M"*1L]

a \
+M

k, Termination

Figure 5.8: Atom transfer radical polymerization reaction mechanism.
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CH,
[bmim][PF¢] [ -‘
nCH, =C—CO0CH; —————» C C

s COOCH, n

Figure 5.9: ATRP reaction of MMA in [bmim] [PF].

CH, CHs CH,
AIBN/CuCl,/bipy | | 1 H, |
nCH,=C—CO00CH; ————— & H,C —C—H,C —C——C—C—Cl
| [bmim][PFe] | | n
CH; CN COOCH; COOCH,

Figure 5.10: Reverse ATRP reaction for MMA in [bmim] [PF].

In addition to ATRP reaction for the MMA in ionic liquid, similar ATRP polymerization
reactions for series of acrylate monomers in [bmim][PF,] can also occur. Comparison
of ATRP reactions in ionic liquids with that in organic solvent, the former showed the
following advantages, such as high polymerization reaction rate and mild reaction
temperature, easy separation from ionic liquid and recyclable utilization.

Like ATRP, the reverse ATRP also realize to control the polymerization by reducing
the concentration of free radicals affected by the redox reaction and adjusted by the
transition metal catalyst. In reverse ATRP, with conventional free radical polymerization
initiators, such as Azobisisbutyronitrile azobidsisobutyronitrile (AIBN) and benzoyl per-
oxide (BPO) initiators, instead of alkyl halides, and with transition metal salt instead of
low salt, the problems about toxicity and catalyst for ATRP have been effectively solved.

For example, the trigger system of AIBN/CuCl,/bipy pyridine (al) was used to initi-
ate the reverse ATRP reaction for MMA in [bmim][PF4], as shown in Figure 5.10.

[bmim][PF6] has good solubility of metal compounds; homogeneous phase
polymerization of ATRP system can be formed in [bmim][PF6], only a small amount of
catalyst (JAIBN]/[CuCl,] = 8/1) in the system can effectively control the polymerization
reaction, thereby reducing the pollution of metal ions on polymer. After the polymer
is separated from the reaction mixture, the ionic liquid can be recycled and reused by
simple treatment. MMA and AIBN were added to the recovered ionic liquid, and the
reaction was carried out in the same way again.

5.3.2 lonic Polymerization
Successful radical polymerization reactions in the ionic liquid greatly inspired sci-

entists’ interests to use ionic liquids as solvents for other polymerization [7]. Theo-
retically, ionic liquids with high polarity are more beneficial for ion polymerization

EBSCChost - printed on 2/13/2023 6:03 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



5.3 Polymerization Technology in lonic Liquids = 125

reaction; in fact, radical polymerization reactions in ionic liquids were investigated
much, and research results of ionic polymerization reactions in ionic liquids are
little reported.

Vijayaraghavan et al. [7] with a new type of Bronsted acid and double oxalic acid
root boric acid (HBOB) as initiators studied the cationic polymerization of styrene
in dichloromethane (DCM) and ionic liquid [PI*] [Tf,N] (N-methyl-N-butyl pyrrole,3-
methyl sulfonate acid salt). The reaction principle is shown in Figure 5.11.

Comparing with the traditional organic solvent DCM, the polymer with high rela-
tive molecular weight and narrow molecular weight distribution has been prepared in
[P.] [TE,N]. A mixture of ionic liquids and the initiator can also be recycled.

5.3.3 Polycondensation and Addition Polymerization

So far, there have been relatively few reports about condensation and addition reac-
tions in ionic liquids [8]. Vygodskii [8] found that in [R,R,im] (1 and 3 on the imida-
zolium cation substituent) ionic liquid without additional catalyst, polyamide has
been prepared by addition reaction of hydrazine with four carboxylic acid biacyl or
polycondensation of hydrazine with the biacylchloride. As shown in Figure 5.12, the
polymer with superhigh relative molecular weight is obtained.

nHC=—=CH2 %CH*CHZ%—
n

HBOB

—_—

[P4,4][Tf,N], 80°C

Figure 5.11: Cationic polymerization reaction of styrene in [P14] [Tf2N].

0 0 0 0
Il Il / \ H Il I
nCi=C c-c ® N _ Ar—N-C C-NH
/N\/ N iA n
Ry R, /
+n H,N—Ar-NH, \
R, = CH; Ry= Ry = C,Hs, C3H,, iC5H;
0] 0 Ry = CyHs, C3Hy, C4Hg, C4Hg, CsHyy (0] 0]
\>Z C// CgHiss CioHys, \\C C//
/ \ Y = Br, BF,,PFy, (CF350,),N 7/ \
n o\ /0 Ar N\ /N
O O
O/ \0 0 0

Figure 5.12: Pol-condensation reactions in ionic liquids.
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[Rh(D)]/NEt;
N CeHs —=—= > PPA
[bmim][BF,] or [bupyl[BF,]

Figure 5.13: Coordination polymerization of phenyl acetylene in ionic liquids.

5.3.4 Coordination Polymerization

In the past, the coordination polymerization was carried out under the condition of
high temperature and pressure in the presence of Ziegler-Natta catalyst. Pinheiro [9]
fulfilled the coordination polymerization of ethylene in [bmim][AICl,] ionic liquid in
the presence of two imine nick catalyst, under a mild condition to achieve.

Mastrorilli [10] studied the coordination polymerization of phenyl acetylene
in [bmim][BF,] and [bupy][BF,] (N-butyl four fluoboric acid pyridine salt) in the
presence of Bh(I) as catalyst, triethylamine as cocatalyst, respectively, as shown in
Figure 5.13.

Results showed that in the above two kinds of ionic liquids, the yield of coordi-
nation polymerization was very high, the molecular weight of the prepared polymer
has reached 55,000-200,000, the catalyst can be recycled, and the activity is not sig-
nificantly reduced.

5.3.5 Electrochemical Polymerization

The application of ionic liquids in electrochemical polymerization was started earlier
than that in other polymerization methods. As early as in 1978, the electrochemical
reaction from benzene to poly(phenylene oxide) has been carried out in bupy/AlCl,
ionic liquids by Osteryoung et al. [11].

Arnautov [12] tried to use bupy/AlCl;(OC,Hs) ionic liquid instead of the traditional
chloroaluminate ionic liquid to realize the electrochemical synthesis of benzene.
Recently, Zein [13] used [Hmim][CF,SO,]1-hexyl-3-methyl imidazole three trifluo-
romethylsulfonate and [P,,][Tf,N] ionic liquid as electrolyte, which is stable to air and
water, and to study the synthesis of PPP film. The results showed that the ionic liquid
is nontoxic, odorless, and noncorrosive, and the PPP film has a good electrochemical
activity and the polymerization rate is faster.

In addition, Sekiguchi [14] can also be used to undergo electrochemical polym-
erization in [emim][CF;SO;] ionic liquid. Taking [emim][CF;SO,] as medium, the
morphology and structure of poly (vinyl chloride) film on the anode surface can be
controlled well, and the rate of polymerization was also improved. Pyrrole [15] can
also be used to synthesize polypyrrole film by electrochemical polymerization in
[bmim][PF,], [emim][Tf,N], and [bmpy][Tf,N] plasma liquid.
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5.4 Polymerization Technology in SCFs

One of the most active research fields in the study of nontoxic and harmless sol-
vents is the development of SCF, such as supercritical carbon dioxide as solvent [16].
Supercritical carbon dioxide is the carbon dioxide fluid which temperature and pres-
sure are above critical point (311 °C, 7,477,179 Pa). It shows the density of liquid, and
the solubility of the conventional liquid solvent. Under the same conditions, it has
not only the gas viscosity, but also a higher mass transfer speed and a greater com-
pressibility. The density, solvent solubility and viscosity for SCFs can be adjusted
by pressure and temperature. Its biggest advantage is nontoxic, nonflammable, low
price and so on.

SCF has unique physical and chemical properties and cannot cause environmen-
tal pollution or rarely. It can achieve both atomic economic reaction and highly selec-
tive reaction.

Supercritical chemical reaction is divided into two categories, that is reaction
medium and reactants in the supercritical state.

The exploration of supercritical reaction medium has been studied. People are
most interested in studying carbon dioxide and water for their environmentally
friendly, abundant and inexpensive features on earth, while the recycling of carbon
dioxide as medium (solvent) can reduce the impact of greenhouse gas on the atmos-
pheric environment.

5.4.1 Polymerization in Supercritical Carbon Dioxide

The solubility of fluoropolymers is very small in the traditional organic solvent [16].
Chlorofluorocarbon organic solvents as medium are commonly used to prepare the
fluoropolymers; however, chlorofluorocarbons organic solvents were verified for
damaging the ozone layer. Fortunately, it was discovered that the solubility of fluoro-
polymer is high and can achieve homogeneous polymerization in supercritical carbon
dioxide. Since De Simone [16] put forward the novel supercritical carbon dioxide
polymerization in 1922, there have been more and more reports about the polymeri-
zation system, involving homogeneous polymerization, precipitation polymerization,
dispersion polymerization, emulsion polymerization reaction and so on.

De Simone et al. [16] investigated the continuous precipitation polymerization
of vinylidene fluoride (VF,) in supercritical carbon dioxide. The conversion of VF, is
7-26% at 75 °C, 2.5 mol/L and its reaction rate is 27 x 10°mol/L-s. The relative molecu-
lar weight of the resulting polymer in solid power is about 150 kg/mol and its melting
index is 3.0 at 230 °C.

In addition, polymerization of acrylic acid and mixed butane oligomerization
have also been reported.
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5.4.2 Depolymerization of Polymer in Supercritical Water

Treatment to waste plastics by SCFs is an innovative technology. Supercritical water
has the performance of organic solvents in normal state; it can dissolve organic
matter, but can’t dissolve the inorganic matter and even has the oxidation. It can be
completely miscible with air, nitrogen, oxygen, carbon dioxide and other gases, so it
can be used as the medium of oxidation reaction and directly carry the oxidation reac-
tion. It can also decompose and degrade macromolecules, recycle valuable products
and recycle resources to meet the needs of environmental protection.
1. Treatment of polyethylene (PE) or PS with supercritical water
The preliminary experimental results of supercritical water on the degradation
of PS foam showed that the reaction efficiency was the highest within the initial
period of 30 min. The additives can promote the degradation reaction and obtain
the product with lower relative molar mass, and the ratio of efficiency to cost is
the highest when the dosage of additives is about 5%. When the reaction time was
shorten or there were no additives, an increase of reaction temperature can play
a significant role in promoting degradation.

Combination of PE with water at 400 °C, PE was degraded into oil composed
of alkanes and olefins in 1-3 h. The distribution of products can be changed by
optimization of temperature, water and reaction time. On the occasion of some
conditions, aromatic hydrocarbons can also be generated. Emissions from this
technology are oil and water, which are easy to be separated from each other,
almost free of harmful substances, environmentally friendly and the wastewater
can be recycled.

2. Treatment of polyvinyl chloride (PVC) with supercritical water
Supercritical water can also be used to degrade PVC polymer to get different
organic compounds. Experimental results indicate that it is possible to use the
supercritical water technology in the recovery of PVC waste. Chlorine atoms in
PVC are recycled in water in the form of HCl. The results show that these chlo-
rinated compounds can be completely converted into environmental-friendly
products during the process of supercritical hydrolysis without harmful by-prod-
ucts to be discharged. The approach provided a feasible method to solve the
white pollution.

3. The degradation of polyethylene(terephthalate) (PET) with supercritical
water and supercritical methanol
The degradation of PET in supercritical water and supercritical methanol has
been studied [17]. In supercritical water, the oligomer is first formed during degra-
dation, followed by the formation of terephthalic acid. The recovery ratio of high
purity terephthalic acid (about 97%) is above 90%. In supercritical methanol,
the reaction degradation rate is fast, conditions are appropriate, ethylene glycol
product can be recovered 100%, and no gas and by-products were formed. The
depolymerization of PET by supercritical methanol showed that the supercritical
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methanol could depolymerize the PET quickly, and the PET could be completely
depolymerized in 30 min at 280 °C and 8 MPa. The depolymerized product has
high purity and could be easily separated. Solid phase terephthalic acid has
high purity and can be used as raw materials for production; Liquid phase is the
mixture of methanol and ethylene glycol, and they can be easily separated by
distillation in which ethylene glycol and methanol can be recycled. The reaction
requires no catalyst and is easy to realize industrial continuous production. The
reaction system has no corrosivity, and no pollution to the environment.

5.4.3 Supercritical Enzyme Catalytic Reaction

Enzyme is a kind of biocatalyst that has highly efficient catalysis effect under mild
conditions and has high region-selectivity and stereo-specificity [18]. Enzyme-cata-
lyzed biosynthesis from water-based media to nonaqueous organic solvent media is a
major breakthrough in enzyme catalysis, it provides a new development opportunity
for supercritical carbon dioxide-catalyzed reactions.

SCFs as the enzyme catalytic reaction medium can carry out the reverse reaction
of enzymatic hydrolysis reaction, such as esterification, ester exchange and peptide
synthesis, it also increases the thermal stability of the enzyme.

The polarity of the microenvironment near the enzyme activity center was
studied in the esterification reaction of lauric acid and n-butanol catalyzed by lipase
in supercritical carbon dioxide. The solvent properties of SCFs were characterized by
its solubility parameter and dielectric constant. The solubility parameter and dielec-
tric constant of carbon dioxide in different pressures were calculated. The maximum
reaction rate under different pressures was measured, and the influence of the sol-
ubility parameter 6 and the dielectric constant € on the maximum reaction rate was
studied and better correlated.

The advantages of the supercritical enzyme catalytic reaction is that it can improve
the reaction rate of a chemical reaction, reduce reaction temperature, convert heter-
ogeneous reactions into homogeneous reactions, reduce catalyst deactivation rate,
enhance selectivity, improve the mass transfer rate of multiphase reaction, replace
the harmful solvents with environmental-friendly solvents, combine chemical reac-
tion and separation process together.

Supercritical reaction technology plays an important role in many fields, such
as bioengineering, pharmaceutical engineering and material engineering. With the
continuous development of supercritical reaction, new technologies will continue to
emerge, which will create enormous economic and social benefits for mankind.

SCFs are different from conventional gases, liquids and solids, although a lot of
researches on SCF has been made, there are still some limitations. Supercritical reac-
tion technology, whether it is basic research or applied research, is still in the process
of continuous exploration of specific stages. Supercritical reaction technology as an
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efficient reaction technology meets the requirements of sustainable development in
today’s society. With the deepening of research, supercritical reaction technology will
be widely used.

5.5 Synthesis of Waterborne Polyurethane with Low Residual
Volatile Organic Compounds (VOCs)

In the process of polymerization, achieving nontoxic solvent medium such as the pre-
viously discussed with water, ionic liquids and SCFs instead of organic solvents are
the research contents of green chemistry [19-22]. Using certain toxic solvents in the
synthesis of polymer material, ensuring toxic solvents are recycled and low residual
in the product are still the contents of polymer green synthesis. The preparation of
water-based polyurethane resins is the typical example.

Based on the fact for polyurethane adhesives with superadvantages, including
adjusted hardness, good low temperature resistance, better flexibility, strong adhe-
sive strength and so on, they are widely used in many fields. At present, polyure-
thane adhesives is mainly based on solvent polyurethane resin. Organic solvents are
flammable, explosive, volatile, odor, pollution of air and more or less toxic. Over the
past 20 years, with the increasing public pressure on earth, for environment protec-
tion some developed countries have established the fire regulations and solvent laws;
these factors urged researchers to spend considerable efforts to devote for the devel-
opment of waterborne polyurethane resins.

Water-based polyurethane resin employing water as the medium showed the
superadvantages, such as nonflammable, little odor, no-pollution to the environ-
ment, energy conservation and easy operation. At present, people pay more and more
attention to the water-based polyurethane resins.

Comparing with solvent-based polyurethane adhesives, in addition to the above
advantages, water borne polyurethane adhesives also shows the following characteristics.
(1) Most of the waterborne polyurethane adhesive does not contain reactive NCO

group, so the curing of resins mainly depends on the cohesion and adhesion of

the intermolecular polar groups. The solvent or solvent free single component
and two-component polyurethane adhesive can make the best use of the reac-
tion of NCO groups to strengthen the adhesive performance in the curing process.

The carboxyl, hydroxyl and other groups of waterborne polyurethane can also be

involved in cross-linking reaction under proper conditions.

(2) Besides the extra polymer thickener, the important factors affecting the viscos-
ity of waterborne polyurethane are ionic charge, core-shell structure, emulsion
particle size and so on. The more ions and counterions on the polymer molecules
chain (the free ions opposite to polarity of ion groups on main chain and the side
chains of polyurethane in solution), the higher will be the viscosity of waterborne
polyurethane. The weight percent and the molecular weight of polyurethane,
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cross-linking agent and other factors have no obvious influence on the viscos-
ity of water-based polyurethane. In contrast, the main influencing factors affect-
ing the viscosity of the solvent based polyurethane adhesive are the molecular
weight, the degree of branching, the concentration of the polymer weight percent
and so on. With the same polymer weight percent, the viscosity of water-based
adhesives is lower than that of solvent adhesives.

(3) Viscosity is an important parameter for adhesives. The viscosity of waterborne
polyurethane dispersions (PUDs) is generally adjusted by water-soluble thickener
and water. While the solvent-based adhesives can be adjusted by the solid content,
the relative molecular weight of the polyurethane, or the choice of suitable solvent.

(4) Because of the lower volatility of water than that of organic solvent, the drying
rate of aqueous polyurethane adhesive is slower, and due to its higher surface
tension, the water-based PUD shows the poor wetting ability on the surface of the
hydrophobic substrate. Owing to the majority of waterborne polyurethane resins
containing hydrophilic groups is the main ingredient of the adhesive, and some-
times water-soluble polymer thickener was added into the recipe, so , the dried
adhesive film without cross-linking structure showed the poor water resistance.

(5) Waterborne polyurethane resins can be mixed with a variety of waterborne resins
to improve its performance or reduce costs. At this point, we should pay attention
to the electrical properties of water-based resin and acid-base; otherwise, it may
lead to the aggregation of water-based polyurethane resin.

(6) Water-based polyurethane resin showed the features of low odor, convenient
operation and easy to clean. Solvent-type polyurethane resin used to consume
a large amount of organic solvent and is not as convenient as aqueous polyure-
thane resin when needs to be cleaned.

5.5.1 Classifications of Waterborne Polyurethanes

Due to the diversity of raw materials and formulations, after 40 years’ development
of waterborne polyurethane, a variety of preparation methods and formulations
people have been developed. A wide variety of water-based PUDs can be classified
into several ways.
1. Classification by appearance
Waterborne polyurethane can be divided into polyurethane emulsions, PUDs and
polyurethane aqueous solutions. The widely applied waterborne polyurethanes
are polyurethane emulsions and dispersions, which are collectively known as
water-based polyurethane or polyurethane emulsion in this chapter. The classifi-
cation by appearance is shown in Table 5.1.
2. Classification by using form
Waterborne polyurethane adhesives can be divided into single-component and
two-component types by using the form. Single-component type can be used
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Table 5.1: Classification of waterborne polyurethane dispersions.

Index Aqueous solution Dispersion Emulsion

State Solution to colloid Dispersing Dispersing

Appearance Transparent Translucent milky white Nebulous urine

Particle size/pm <0.001 0.001-0.1 >0.1

Relative molecular weight  1,000-10,000 Thousands to 2 hundred >5,000
thousands

directly, or without added crosslinking agent, to get the desired performance for

the PU film. If the required performance of polyurethane cannot be obtained when

used alone, it is necessary to add cross-linking agent in the single-component

PUD. In general, the adhesive performance for single-component waterborne pol-

yurethane can be improved after cross-linking agent was added. In these cases,

the PUDs consist of waterborne polyurethane resin, and cross-linking agent was
called two-component waterborne polyurethane adhesives
3. Classification by the properties of hydrophilic groups

According to the type of ionic groups contained in the side chain or main chain

of the polyurethane, waterborne polyurethane can be classified as anionic, cati-

onic and nonionic. Anionic or cationic water-based polyurethane is also known
as ionomer-type water-based polyurethane.

(1) Anionic waterborne polyurethane can be subdivided into sulfonic acid type
and carboxylic acid type. The ionic groups that are in the side chain are the
majority of anionic waterborne polyurethane. The carboxyl ions and sulfonic
acid ions were introduced into the polyurethane chain by the carboxyl-con-
taining chain extender or sulfonate-containing chain extender.

(2) Cationic waterborne polyurethane generally refers to the main chain or side
chain containing ammonium ions (usually quaternary ammonium ions) or
sulfonium ions. The vast majority of cases is quaternary ammonium water-
borne polyurethane extended by chain extender containing tertiary amine
group. Tertiary amines and secondary amines can be formed to hydrophilic
ammonium ions by the action of acids or alkylating agents.

(3) Nonionic waterborne polyurethane is the aqueous polyurethane that does not
contain ionic groups in molecule. The preparation of nonionic waterborne pol-
yurethane is summarized as follows. Ordinary polyurethane prepolymer or pol-
yurethane organic solution was emulsified by high shear force in the presence
of emulsifier. The prepared polyurethane prepolymer contains hydrophilic seg-
ments or hydrophilic groups: the hydrophilic segments are generally PE oxide
of low molecular weight and hydrophilic groups are generally hydroxyl methyl.

(4) The molecule structure of hybrid waterborne polyurethane resin contains
ionic and nonionic hydrophilic groups or segments.
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5.5.2 Raw Materials of Waterborne Polyurethane

Oligomer polyols

In the preparation of waterborne polyurethane adhesives, the most commonly
used oligomer polyols are polyether glycol and polyester glycol. And some small
varieties of oligomer polyols such as polyether triol, low branched degree polyes-
ter polyols and polycarbonate diol are sometimes used.

Polyether polyurethane has good flexibility at low temperature and better water
resistance. The price of polypropylene glycol (PPG) is lower than that of polyester
diol. Therefore, most of the researches and development for waterborne polyure-
thane in China mainly use PPG as the main raw materials of oligomer polyols. Polyu-
rethane made from polytetramethylene ether glycol has good mechanical properties
and hydrolysis resistance, but its relatively high price limits its wide applications.

Polyester polyurethane has high strength and good adhesion, but the
hydrolysis resistance of polyester is poorer than that of polyether, so the most
polyester-based waterborne polyurethane has a shorter storage stability period.
The flexibility of the aliphatic irregular structure polyester is also good. The
one-component polyurethane emulsion adhesive is prepared by the crystal-
line polyester diol with regular structure. The layer of this kind of adhesive is
heat-activated and bonded, and the adhesive has the higher initial strength.
The waterborne polyurethane made from aromatic polyester polyols showed the
higher adhesion and cohesive strength on the metal, PET and other materials.

Polycarbonate polyurethane has good hydrolysis resistance, weather and
heat resistance but its high price limits its wide applications.

Isocyanates

The common diisocyanates to prepare polyurethane emulsion are 2,4/2,6-tolylene
diisocyanate (TDI), diphenylmethane diisocyanate (MDI) and other aromatic
diisocyanate, as well as hexamethylene diisocyanate (HDI), isophorone diiso-
cyanate (IPDI), hydrogenate diphenylmethane-4,4’-diisocyanate (H12MDI) and
other aliphatic and alicyclic diisocyanate. Waterborne polyurethane made from
aliphatic or alicyclic diisocyanate showed a better hydrolysis resistance than that
from aromatic diisocyanate, so the products of waterborne polyurethane have
good storage stability. The foreign high-quality polyester-based waterborne poly-
urethanes are generally made from aliphatic or alicyclic isocyanate. By the restric-
tions of raw materials of varieties and prices, domestic waterborne polyurethanes
have to employ TDI as the raw material of diisocyanate.

Extenders

The chain extenders are often used in the preparation of waterborne polyure-
thane, and hydrophilic chain extenders can introduce various ionic groups. In
addition to this special kind of chain extender, 1,4-butylene glycol, ethylene
glycol, diethylene glycol, ethylene glycol, ethylene diamine, two ethylene three
amine chain extender are often used in reaction system.
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Due to the higher reactivity of the amine with isocyanate than that of water,
the diamine chain extenders can be mixed in water or made into ketimine, and
their extension reactions are carried out in emulsifying and dispersing process.

(4) Water

Water is the main medium of water-based polyurethane adhesive, in order to
prevent the influence of calcium, magnesium and other impurities in water on
the stability of anionic water-based polyurethane. The distilled water or deion-
ized water was used to prepare water-based polyurethane resin. In addition to
be used as solvent or dispersion medium for waterborne polyurethanes, water is
also an important reaction material. The synthesis of water-based polyurethane
is mainly based on prepolymer method; herein, water is also involved in chain
extension while the polyurethane prepolymer is dispersed with water. Due to the
chain extended by water and diamine, in fact, most water-based polyurethanes
are polyurethane-urea emulsions (dispersions). Polyurethane—urea has the
better cohesion and bonding strength than that of the pure polyurethane, and
the water resistance for urea is better than that of ammonia ester bond:

2R-NCO + H,0 > RNHCONHCONHR + CO,

5.5.3 Preparation of Waterborne Polyurethane Resin

Waterborne polyurethane resin preparation consists of two steps: (1) preparation of
the polyurethane with high molecular weight or high molecular weight prepolymer
by the reaction diisocyanate with oligomer glycol; (2) dispersing prepolymer in water
under the action of strong shearing force.

Polyurethane is generally hydrophobic. In order to prepare waterborne polyure-
thane, one approach is that polyurethane prepolymer or polyurethane solution is dis-
persed in water under the action of shearing force by external emulsification method.
The stability of the waterborne polyurethane resin is poor. Another method is to intro-
duce hydrophilic components or groups in the process of preparing polyurethane, it
is dispersed in water under the action of shearing force without addition of emulsifi-
ers. This is called a self-emulsifying method, which greatly improved the stability of
waterborne polyurethane resin.

The most commonly used method for preparation of waterborne polyurethane
is the “pre polymer dispersion method,” that is to prepare NCO-based polyurethane
prepolymer containing hydrophilic groups first (NCO wt% is generally below 10%),
and then the polyurethane prepolymer is emulsified under the action of shear force.
As the molecular weight of prepolymer is relatively low, only a little amount of solvent
was added or even without solvent, herein, water can participate in the extending
reaction of the prepolymer as extender to make the prepolymer chain growth and to
prepare waterborne polyurethane with higher molecular weight.
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Diamine (or hydrazine) chain extenders were also to carry out the chain growth
reaction rapidly.

2 wwwn NCO + H,0 —— wwwav NHCONH wn

2 wwwm NCO + H,N—R—NH, — www NHCONH —R — NHCONH wnn

As diamines are with high activity, it is generally necessary to protect the active -NH,
by the reaction of ketones with amine to produce ketimine. The diamine is regener-
ated by the reaction of ketimine with water in the prepolymer emulsification, and the
chain can be extended smoothly.

In order to improve the properties of the emulsion, blocking the residue-termi-
nated NCO groups is a good choice, and the blocked polyurethane emulsion was
prepared. After filming, the film was treated by high-temperature process, NCO is
stripped and reacted with active hydrogen of the polyurethane itself and the sub-
strate to form crosslinking. The commonly used sealants are ketoxime, caprolactam,
sodium bisulfite and so on.

This chapter mainly introduces the synthesis technology of waterborne polyure-
thane by self-emulsification process.

5.5.4 Preparation of Anionic Waterborne Polyurethane Resin

The anionic waterborne polyurethane resin is the most common waterborne poly-
urethane, and the following is a brief introduction of its synthetic technology [20].
Herein, the commonly used carboxyl-containing chain extender is dihydroxymethyl-
propionic acid (DMPA).
The prepolymer was synthesized in the following two ways:
(1) The oligomer diol reacted with excessive diisocyanate to form prepolymer first,
then extended with DMPA to form the prepolymer containing carboxyl groups:

HO s OH + 2 OCN—R—NCO

(0] (0]
NCO —R—HN—(‘:‘—O WMO—Q —HN—R—NCO
CH3
\ OHCH,—C—CH,0H
COOH

\
NCO—R—NH—C — O cvunnnernann CHZ—(‘I—CHZ
COOH

0 CH; (H)
| wrnsnn 0—C—HN—R—NCO

(2) Diisocyanate, oligomer polyol and chain extender DMPA are mixed together and
react each other to prepare carboxyl group-containing prepolymer:
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@

@

CH,
2HO ranmnn OH + 40CN —R—NCO + HOCH, — C— CH,0H

COOH

CH, 0

=0

|
NCO—R—NH—C— 0 wwsnsnmnnn H,C— C — CH, »wrnonvnr 0—C —HN—R—OCN
COOH
Two kinds of emulsification methods are employed.
The triethylamine (NEt;) which is called salt agent is added to prepolymer, and the
carboxyl group is neutralized to carboxylic acid ammonium salt group. The neu-

tralized prepolymer is the highly viscous liquid due to the interionic forces. A small
amount of solvent is necessary for dilution to facilitate the shear emulsification:

COOH
NEt,

COO*NHEt,

H,0

VNN ANNVNNN AN

COO~*NHEt,

Making salt-forming agent such as sodium hydroxide, ammonia water and trieth-
ylamine into dilute aqueous alkali solution, and the prepolymer is poured into
the above aqueous solution to emulsify. As the viscosity of unionized (nonneu-
tralized) prepolymer is lower than that of the ionized pre polymer, it can be emul-
sified by water with little solvent. Or, the water-containing salt-forming agent
may be poured into the prepolymer with vigorous stirring to make the prepolymer
emulsion and extend the chain:

COOH
electrolysis l NaOH/H,0

s NHCONH sanaantanamannmnans

COO™Na* COO™Na*
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During the emulsion process, besides water being used as chain extender of
prepolymer in prepolymer particles, dibasic amine can also be used as chain
extender. The aqueous solution of the diamine can be added to the polyurethane
emulsion which has just been dispersed, or the ketoimine from dual primary
amine and methyl ethyl ketone mixed with prepolymer, dispersing in water and
extending chain at the same time. Finally, by film evaporation decompression
process, the solvent was removed from the dispersion to obtain a water-based
polyurethane resin with very low content of VOCs.

5.5.5 Preparation of Cationic Waterborne Polyurethane Resin

The cationic groups in cationic waterborne polyurethane chain were organic ammo-
nium (quaternary ammonium ion) group and sulfhydryl group, while the latter is not
of application value in preparation of waterborne polyurethane [21, 22]. Actually cat-
ionic waterborne polyurethane is just the waterborne polyurethane whose backbone
(or side chains) contains quaternary ammonium ions.

The commonly used extender in the preparation of cationic waterborne polyure-
thane should be the diols with tertiary amino groups (N-methyldiethanolamine). Such
extender agents are applied to synthesize NCO-terminated prepolymer-containing
tertiary amino groups, then the prepolymer was quaternized, or neutralized by acid,
then emulsified in water. Finally, polyurethane resin with low VOCs was obtained
after the solvent is removed from the dispersion by film evaporation decompression
process. The preparation principle is shown in Figure 5.14.

5.5.6 Performance of Waterborne Polyurethane

Compared with solvent-based polyurethane adhesives, waterborne polyurethane
(mainly emulsion) adhesives have some special properties as shown in Table 5.2.

5.5.7 Applications of Waterborne Polyurethane

Waterborne polyurethane resins are widely used in the fields of coatings, adhesives

and additives.

1. Adhesives
Like solvent-based polyurethane adhesive, waterborne polyurethane adhe-
sives also showed superproperties. It can be used for bonding a variety of sub-
strates.
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HO~mwwwnww OH  + 2 OCN—R—NCO

0 0
Il Il
NCO—-R— HN—-C-Q v (Q—=C—HN—R—NCO

HOCH,CH, ——N—— CH,CH," OH

CH,
o
I 1
NCO -R—NH—C-0 N 0-C—HN—R—NCO
|
CH,
HAC
0
LN il +
HO-R —HN—C-0 N 0-C—HN=R—HO
HA” CH, HA™
H,0

Cationic waterborne polyurethane

R: @—CHZ—O or @.cﬂ3

Figure 5.14: The principle for preparation of cationic waterborne polyurethane.

(1) Manufacture of a variety of laminates, including plywood, food packag-
ing composite plastic film, fabric laminates and laminates of various thin
materials, such as flexible PVC plastic films or plastic sheets and lami-
nated products of other materials (such as wood, fabric, paper, leather
and metal).

(2) Flocking adhesives, artificial leather adhesives, fiberglass and other fiber
bundle adhesives, and ink adhesives.

(3) Bonding of common materials, such as bonding of automotive interior deco-
ration materials.

2. Coating agent

Due to the superflexible and wear-resistant properties, polyurethane material

is widely used as coating of natural leather, artificial leather, canvas, cloth-

ing fabric, conveyor, plastic, floor, paper, automotive interior decoration and

SO on.

3. Wood processing
Wood processing is the largest application for water-based adhesives.
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Table 5.2: Comparison of performance for emulsion-based and solvent-based polyurethane adhesive.

Performance index

Emulsion type

Solvent type

Liquid properties Appearance

Construction
performance

Film properties

Solid content

Solvent type

Viscosity

Viscous flow
characteristics

Wettability

Drying property

Film-forming
properties

Blending
properties

Mechanical
properties
Water
resistance

Solvent
resistance

Heat resistance

Translucent to milky white
dispersion

20-60% (has nothing to
do with M,))

Water (sometimes with a
small amount of solvent)

Low, independent of
molecular weight, can
be thickened

Non-Newtonian type
(general constant
degeneration)

Surface tension is higher,
the low energy surface
moisture run bad, can add
leveling agent change

Slow (the evaporation
energy of water is high)

Must be above 0 °C,
dependent on temperature
and humidity

The same ionic properties of
different polymers can be
mixed

Bad to good

A little bad to good (adding
cross-linking agent to
enhance)

A little bad to good
(adding cross-linking agent
to enhance)

Homogeneous transparent
liquid

20-100% (has nothing to do
with M,))

Organic solvent

High molecular weight
viscosity, relating to the
solvent and concentration

Newtonian type

Good wetting of low-energy
surface by different type of
visual solvent

Fast

Small temperature
dependence

Related to the polymer and
solvent system

Good

Good

Single component is bad, two
components are good

Slightly different in thermal plasticity, cross-linking type

of good

5.6 Radiation Cross-linking Polymerization Technology

As a new and high technology processing method, the radiation technology has been
paid more and more attention in the world. Radiation processing industry has
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developed rapidly in recent 30 years, which is widely used in many fields, such as
industry, agriculture, national defense, medical and health, food and environmen-
tal protection. Radiation method has its originality in reducing energy consumption,
environmental pollution control and product quality, which has become dominant in
the processing of polymer materials, and is a trend of green processing technology of
polymer materials.

Radiation cross-linking polymer technology is the use of high-energy or ionizing
radiation to cause ionization and excitation of polymers and some secondary reac-
tions, which cause chemical reactions and achieve chemical cross-linking between
the macromolecules. This led to the formation of intermolecular cross-linking
network. It is one of the effective means for polymer modification to prepare new
materials.

After radiation cross-linking, the structure and properties of the polymer have
been changed, and the application range of the polymer has been widened. Dozens
of radiation processed products have been put into industrial production at present.
These products are widely used in some industrial sectors, and some products have
been necessary for the people’s daily life. The industrial scale or batch production
varieties are increasing, which breaks the past traditional point of view that “radia-
tion on polymer materials is only destructive.” Radiation cross-linking has opened
up a new research direction to realize the performance modification of polymer
materials by radiation. At present, the technology of radiation cross-linking has
become a high-tech industry which can’t be ignored in the developed countries of
the world.

5.6.1 The Basic Principles of Radiation Cross-linking and Pyrolysis

Under the action of ionizing radiation, molecular chain of the polymer can be cross-
linked, and the molecular weight increases. Radiation cross-linking results in the
increase of the molecular weight of the polymer with an increase in radiation dose,
and finally the polymer forms a three-dimensional network structure, which leads
to the normal melting point not to occur again. Generally speaking, the radiation
cross-linking of the polymer does not need to add any additives, and the purpose of
crosslinking can be achieved at room temperature.

The radiation cross-linking of polymers is a complex process, which can lead to
the cross-linking of the main chain and the degradation of the main chain.

The basic principle of polymer radiation cross-linking is that polymer macromole-
cules in effect of high-energy or radioactive isotopes (such as Co-60 ray) results in ion-
ization and excitation which generates macromolecular free radicals and free radical
reaction. Radiation also results in some secondary reactions as well as a variety of
chemical reactions. The following reaction mechanisms exist during polymer radia-
tion cross-linking.
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(1) The dehydrogenation of the neighboring molecules generated by irradiation, and
the two free radicals formed cause the coupling reaction to produce cross-link:

—CHy—CH,— —CH,—CH—  —CH,—CH—
- . +H,— | +H,
—CH;—CH;— —CH,—CH— = —CH,—CH—

(2) Independently generated two mobile free radicals combine to produce cross-
links:

—CH;—CH,—CH,— —CH;—CH—CH,—
—
—CH;—CH,—CH,— —CH;—CH—CH,—

(3) Ion and molecular directly react to produce cross-link:

+
—CH—CH —CH,— —CH;—CH—CH,—
— | +H’

—CH;—CH,—CH,— —CH,—CH—CH,—
(4) Free radical and double bond react to produce cross-link:

—CH;—CH—CH,—  —CH;—CH—CH,—
- I

—CH;—CH=CH—CH, —CH;,—CH—CH—CH,—
(5) Freeradical produced by the main chain cracks recombines to produce cross-link:

—CH;—CH,—  —CH,+CH;,— —CHs+CH,—
— — |

—CH;—CH,— —CH,—CH;~ —CH;—CH—

(6) Cyclic reaction leads to cross-linking:

—CH=CH—  —CH—CH—
- |

—CH=CH— —CH—CH—

Radiation cracking means that under the action of ionizing radiation, the main chain
of polymer is broken, and molecular weight decreased. Radiation cracking results in
the molecular weight of the polymer decreases with an increase in radiation dose,
and cracks into a monomer finally.

The main feature of the radiation pyrolysis is the formation of two shorter
polymer molecules when the chain cracks, and the average molecular weight
decreased. Under the action of high energy beam, both the cross-linking and the
cracking of polymer were carried out simultaneously. So some polymers are mainly
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cross-linked, and some are mainly cracked. Some polymers are cross-linked, while

others are dominated by cracking. Even in the same polymer, the cross-linking and

pyrolysis behaviors are different under different conditions. Under usual conditions,
the cross-link or cracking is mainly closely related to the molecular structure of the
polymer itself.

According to a large number of experimental results, the following experience is
followed, which judged the tendency to be cross-linked or cracked from structure of
the polymer.

(1) The polymer-containing CH,-C(R,)R, — in the structural unit, or the main chain
containing the quaternary carbon atoms, radiation cracking mainly happens,
where R, stands for alkyl, Cl and F.

(2) The low polymerization heat of polymers is generally dominated by radiation
degradation. Thermal cracking tends to generate single polymer, mainly by radi-
ation cracking.

(3) The polymer, whose main chain is -C-O- as the repeating unit structure (such as
formaldehyde) or whose branched chain connects to the backbone with -C-O-
(such as poly(vinyl formal)), is easy to radiation crack.

5.6.2 The Main Features of Radiation Polymerization

Compared with the general thermal chemical polymerization, radiation polymeriza-

tion showed the following characteristics:

(1) The radiation polymerization does not need any addition of initiator or catalyst,
and only relies on the power radiation on monomers to initiate polymerization.
So the polymer is pure. It is more favorable for the preparation of biomedical
materials or optical materials.

(2) With a strong penetration of gamma rays, the reactions can be carried out uni-
formly and continuously to prevent local overheating, and the reactions are easy
to control.

(3) The radiation is independent of the physical state of the monomer. Therefore, the
radiation can be carried out in liquid phase polymerization, but also solid phase
polymerization or gas phase polymerization.

(4) The initiation rate of polymerization is only related to the radiation intensity
(dose rate) because the formation rate of free radicals or ions in initiating the
reaction is only related to the dose rate. Therefore, the polymerization reaction
can be controlled easily by adjusting the dose rate.

(5) The general chemical method is difficulty or unable to cause polymerization
of monomers (such as hexafluoropropylene, a-methyl styrene, butadiene, per-
fluoropropylene ethyl monomer). Radiation could induce their polymerization
reaction, and even allows ketones and CO, to initiate polymerization, so new
methods for the preparation of new polymer has been established.
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(6) Radiation polymerization provides a novel and special processing method for
some industrial production. Especially for the complex form and difficult parts,
the method of in situ radiation polymerization of monomer can be considered.

(7) The effect of radiation on the monomer is independent of temperature. Radiation
polymerization can be carried out in conditions of low temperature or cold. It
makes certain enzyme or biological cells to be immobilized easy, not easy to lose
activity at low temperature.

5.6.3 Effect of Radiation Cross-linking on the Properties of Polymer

1. Effect on the structure of the molecule
When the radiation is acting on the polymer, the polymer will form a chemical
cross-linking bond, so that the average molecular weight of the polymer increases,
and the solubility of the polymer decreases. When the radiation reaches a certain
dose, the cross-linked network structure is formed between molecules. When
irradiation is at a certain dose, a cross-linked network structure that is no longer
dissolved or melted was formed.

2. Effect on the mechanical properties of polymer
After radiation cross-linking, generally speaking, the tensile strength, hardness,
wear resistance and elastic modulus of the material will increase, and the elongation
at break will decrease. The polymer materials with excellent comprehensive proper-
ties can be obtained by choosing proper blending system and radiation conditions.

3. Effect on thermal and thermomechanical properties of polymers
Irradiation enhanced the cross-linking density of polymer materials, such as PE,
PS, PVC and PVDF (polyvinylidene fluoride), which can improve the thermal
stability and heat resistance. For example, the long-term working temperature
region of PE increased from the temperature range of 60-70 °C to the range of
125-135 °C, and the short-term temperature increased from 140 to 300 °C. After
irradiation, the temperature for PVDF increased from 150 to 175 °C.

4, Effect on the flame retardant properties of polymer materials
Compared with the chemical cross-linking, radiation cross-linking is carried out
under the normal temperature and pressure, and the cross-linking time is short.
The appropriate dose control can reduce the internal decomposition concentra-
tion, and improve cross-link density (chemical method is 40%, and the radiation
cross-linking degree is more than 70%). This cross-linking can effectively improve
the gas diffusion during polymer materials combustion, the heat resistance,
reduce smoke and the melt dripping.

5. Improvement of electrical performance
In PE cable curing with steam, the high pressure steam will inevitably penetrate
into the PE layer to cause many micropores and high contaminant concentration,
and cable in use easily dissociate and branch aging; however, the introduction of
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cross-linking agent causes damage of high-frequency characteristic for the mate-
rial. By means of radiation cross-linking can avoid or eliminate the pores, filth
or bulging, and eliminate water treeing and electrical tree phenomenon, ensure
uniformity and high purity of the insulation layer, show the higher frequency
characteristic and better long-term performance.

5.6.4 Industrial Application of Radiation Cross-linking Technology

Radiation cross-linking can improve the thermal and mechanical properties of
polymer materials. In the actual production, it is usually the first forming, the post
cross-linking; the processing technology is simple, and the cross-linking degree is
easy to be controlled by the dose.

Since the discovery of the cross-linking phenomenon of PE radiation in the 1950s,
a powerful radiation processing industry in the field of polymer radiation cross-link-
ing and product development has been formed. Polymer materials are mainly PE and
PVC cross-linked products. Domestic research in this area started in the 1960s and
1970s; radiation cross-linked PE and PVC wire and cable insulation and heat shrink-
able joint jacket and other products have been developed in the 1980s, and the radia-
tion processing industry in China has been formed.

At present, the main products of radiation cross-linking are wire, cable, heat
shrink materials, rubber and latex radiation cross-linked products (such as tires and
medical latex tubes), radiation cross-linked foam, etc.

The main production process of radiation cross-linking products is shown in
Figure 5.15.

5.7 Plasma Polymerization Technology

Plasma is the fourth state of matter besides solid, liquid and gas. It is the ionized
gas with the basic equivalent positive and negative charged particles, which can be
divided into thermal equilibrium plasma and low temperature plasma [23-25]. When
thermal equilibrium plasma electron temperature and gas (ion) temperature reach
a balance, not only the electron temperature is high, the heavy particle temperature
is also high. It is also called high temperature plasma (ionization above 5,000 °C).
General organic compounds and polymers are split at this temperature, and difficult
to generate the polymer, which is commonly used to generate the high-temperature-re-
sistant inorganic substances. Low-temperature plasma (ionization at 100-300 °C) is
characterized by the electron and gas temperature not reaching thermal equilibrium,
also known as nonequilibrium plasma, its electron temperature can reach up to more
than 10* K, while heavy particles such as ions and atomic temperature can be as
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Figure 5.15: Schematic diagram of processing technology for radiation cross-linked products.

low as 300-500 K, usually in the 1.33 x 10* Pa by direct current (DC) glow discharge,
radiofrequency or microwave discharge method.

Due to the big difference between electron temperature and gas temperature,
low-temperature plasma can generate the stable polymer, which is commonly used
in plasma polymerization.

Plasma polymerization technique is a novel synthetic technology, which
means the plasma generated by gas ionization to activate the monomer, the acti-
vation of plasma electrons, ions, free radicals, photons and excited state mole-
cules (the outermost electron in anti-bond molecular orbital) can be referred to
as living sites and growth center for the polymerization, which initiates monomer
polymerization.

Almost all organic compounds and organic compounds are polymerized by
plasma. This unique synthetic technology is of great significance in the preparation
of membrane materials and surface modification of polymer materials.

5.7.1 Types and Characteristics of Plasma

The plasma is divided into two types, one is reactive plasma, such as excited states of
0 and N atoms. They can not only initiate the organic monomer to generate polymeri-
zation active sites (such as alkyl radical R-), and also participate in the polymerization
reaction.
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Another is nonreactive plasma, such as H, He, Ne atomic in excited state. They
are in high energy to impact on the surface of the material and motivate surface
molecules of material to produce larger free radicals. These radicals result in larger
surface cross-linking polymerization, forming dense surface layer, while H, He, Ne
plasma themselves are not involved in this reaction, and only plays a role in convey-
ing an energy.

Plasma polymerization has the following features:

(1) Plasma polymerization does not require monomer with a single unsaturated unit,
almost all organic compounds and organic metal compounds are polymerized by
plasma polymerization, regardless of double bonds, or the characteristics of the
two or more functional groups from the chemical structure; in normal circum-
stances, monomers do not or difficult to carry out polymerization in the system
can quickly become easy to polymerization and the rate can be very fast, such as
CO, and styrene polymerization, CO, H, and N, polymerization.

(2) The generated polymer membranes with high density network structure, and the
network size and branched degree can be controlled to some extent. The formed
plasma polymer film has excellent mechanical properties, chemical stability and
thermal stability, such as the plasma polymerized film of ethane.

(3) Plasma polymerization process is very simple; both inner electrode type and
outer electrode type are generally react to certain vacuum first, and then filling
the monomer vapor, or filling the gas mixture of carrier gas and monomer, and
keep the set pressure value (usually in 1. 3 x 10" -1.3 x 102 Pa). The traffic is
usually about 10-100 mL/m, under the appropriate choice of the discharge
power producing plasma, and then can generate polymer film on the substrate
surface.

5.7.2 Mechanism of Plasma Polymerization

The plasma polymerization mechanism is a free radical polymerization mechanism
consisting of the formation of free radicals, chain initiation, chain propagation and
chain termination, including the deposition mechanism of the film formation, which
also relates to the mechanism of cross-linking process.

The mechanism of the deposition process and the mechanism of the formation
of the film have been studied by scientists. A relatively consistent opinion that has
been formed at present is generally believed that deposition mechanism is referred
to the reaction that takes place simultaneously on the surface of the gas and the sub-
strate, and the formed polymer in gas phase deposits on the substrate surface. The
mechanism of the cross-linking process is described as follows. The free electrons are
generated by the discharge of the monomers with higher energy; and a large number
of hydrogen atoms, free radicals and derived monomers are generated by collision.
These groups of chemical activity are very high, participating in various reactions, in
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the growth process of the polymer chain. The main chain will continue to be charged
by the impact of electrons, randomly generated at a position in the main chain of free
radicals, leading to the formation of branching or cross-linking.

5.8 Enzyme-catalyzed Polymerization

The enzyme-catalyzed polymerization (enzymatic polymerization) is a new
trend of polymer science [26-34]. Its importance is gradually increasing, and the
enzyme-catalyzed reaction provides a new synthetic strategy for the synthesis of
polymer.

In recent years, the study of enzymatic catalysis technology is focused on small
molecule reactions, such as hydrolysis, including carboxylic ester, phosphate ester,
amide and nitrile amide hydrolysis reaction, esterification. Research reports of
enzyme catalysis and the small molecules of the enzyme-catalyzed reaction accounted
for more than 95% of the total reported. However, few studies of enzyme-catalyzed
polymerizations have been reported, and it is still in the initial stage. It needs to be
further studied for chemical scientists and enrich the research content of enzyme
catalysis technology.

In the use of nonfossil renewable resources as the starting material of functional
polymeric materials, enzyme-catalyzed polymerization has an important advantage
over the use of scarce resources, and contributes to global sustainable development.
In enzymatic polymerization, the polymerization product can be obtained under
mild conditions without the use of toxic reagents. Therefore, the enzyme-catalyzed
polymerization has great application potential in the environmental-friendly synthe-
sis of polymer materials, which provides a good example for the realization of “green
polymer chemistry.”

5.8.1 Enzyme-catalyzed Ring-opening Polymerization

The study of enzyme-catalyzed polymerization technology mainly concentrated in
ring-opening polymerization and polycondensation reaction [26, 27]. The prepara-
tion of polycarbonate has been developed by ring-opening polymerization. Synthe-
sis of polysaccharide, aliphatic polyester, polyphenylene ether and its derivatives are
typical poly-condensation reactions.

The typical polymerization technology of enzyme catalysis is described as follows.
1. Synthesis of polycarbonate

The enzyme-catalyzed ring-opening polymerization of six-membered and

seven-membered cyclic carbonates was initiated by lipase. In 1997, Matsumura

et al. first reported the lipase-catalyzed polymerization of cyclic carbonate.
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Figure 5.16: Enzyme-catalyzed ring-opening polymerization of the six membered 1,3-dioxan-
2-one (TMQ).

The reaction mechanism was shown in Figure 5.16. The reactions catalyzed by
various enzymes under different conditions were studied. The results showed
that cyclic carbonate was easy to realize polymerization wither the temperature
range of 60-100 °C, and the relative molecular weight of the polymer reached
up to 169,000. In the absence of enzyme blank samples in 24 h, no change for
trimethylene carbonate (TMC) was found. It was proved that polymerization
reaction was caused by enzymes.

Poly(trimethylene carbonate) (PTMC) with a number average molecular weight of
15,000 has been obtained by using Novozym-435 enzyme as catalyst (see Figure 5.16).

Reaction temperature rises from 55 to 85 °C, the conversion of the reaction
is almost constant while the molecular weight of the polymer decreased. When
the water content decreased, the polymerization reaction rate decreased, and the
molecular weight increased.

Through the analysis of small molecule products, the mechanism of the
ring-opening polymerization of TMC catalyzed by lipase is described as follows.

Initiation reaction

E-OH? + TMC H’ E - OCH,CH,CH,OCOOH (EAMP) = HOCH,CH,CH,OH
+CO,+E-OH

Formation of TMC dimer
EAM + HOCH,CH,CH,0H —> HO(CH,) ;0COO(CH,) ;0H + E-OH
Formation of polymer
nHO(CH,);0CO0(CH,);0H 4% HO(CH,),0-[-COO(CH,) ;0-],-COO(CH,);0H

where E-OH? is the enzyme and EAMP is the complex of enzyme and TMC.

The polymerization of enzyme catalytic carbonate in the carbon chain con-
taining carboxyl substituent has been reported. The synthesis of 5-methyl-5-
carbobenzoxy-1, 3-dioxane-2-ketone is shown in Figure 5.16. When using lipase as
catalyst, polymer with high average molecular weight of 5,900 has been obtained.

2. Enzyme-catalyzed ring-opening polymerization of aliphatic ester
For fatty lactone ring-opening polymerization, more researches on e-caprolactone
have been investigated. Uyama studied the ring-opening polymerization of
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Figure 5.17: Enzyme-catalyzed ring-opening polymerization of 5-methyl-5-benzyl oxygen
carbonyl-1, 3-dioxane-2-ketone.
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Figure 5.18: Enzyme-catalyzed ring-opening polymerization mechanism of aliphatic ester.

e-caprolactone and §-valerolactone catalytic polymerization by different lipase
as catalyst, and the possible reaction mechanism was put forward.

The control step in the ring-opening polymerization process of fatty lactone
catalyzed by lipase is reaction of lactone with lipase, which produces acyl enzyme
reaction intermediates (enzyme-activated monomer, EM). The initiation step is
the acyl carbon atom intermediates nucleophilic attack by the water in enzyme to
produce omega-hydroxy carboxylic acid (n = 1). In the chain growth stage, inter-
mediate growth by nucleophilic attack of terminal hydroxyl polymer on EM, a
polymer chain unit extended. Polymerization kinetics showed that the control
step of polymerization process is enzyme-activated monomer formation.

Therefore, the polymerization may be based on the mechanism of monomer
activation (Figure 5.18).
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The result for ®*C-NMR and 'H-NMR proved that the terminated groups for
the products are carboxyl and hydroxyl groups. With an increase in temperature,
polymerization rate of e-caprolactone increased; with an increase in conversion,
the molecular weight also increased. Polymerization of §-valerolactone showed the
similar results. Although the conversion of delta valerolactone is higher than that
of e-caprolactone, the polymer molecular weight is less than that of e-caprolactone.

If the reactants are the mixture for e-caprolactone and 6-valerolactone in the
system, the copolymers e-caprolactone and §-valerolactone have been obtained.
With an increase in the content of e-caprolactone, the relative molecular weight
of copolymer increased. The analysis result for ®C-NMR indicates that the polym-
erization products are random copolymers.

In addition, the large ring lactone, such as w-pentadecane lactone also can
take the ring-opening polymerization reaction.

5.8.2 Enzyme-catalyzed Stepwise Polymerization

Synthesis of polysaccharides

Employing two B-cellulose sugar fluoride as glycosyl donor, the cellulose was
synthesized by the action of cellulase [28-30]. In acetonitrile acetic acid buffer
solution, the polycondensation reaction of B-cellulose difluoride with cellulose
under the action of cellulase is shown in Figure 5.19.

In the methanol phosphate buffer solution, a-amylase as a catalyst, a-D-
maltose takes a condensation reaction to produce a maltose oligomer. In the
process of polymerization, 1,4-a-glycosidic bond was formed by region selection
and stereoselection. However, other substrates, such as D-maltose, S-D-maltose
fluoride and a-D-gluconate, did not get a condensation product.

Employing two - wood sugar fluoride as substrate monomer, and xylanase as
catalyst, theartificial xylan was first synthesized by the action of transglycosidation.
Polymerization of substrate monomer smoothly generates the corresponding con-
densation product, with BC-NMR, the structure of natural xylan and the effect of
xylanase on the natural xylan were studied. By regional selection and stereoselec-
tive effects of fluoride monomer, polycondensation between wood two sugar units
was carried out to generate 1,4--bond stereoregular artificial xylan.

S-S e

CH,0H OH  CH,OH

Figure 5.19: The enzyme-catalyzed condensation reaction of B-cellulose difluoride.
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In addition, the enzyme-catalyzed reaction is also used to synthesize a
number of nonnatural polysaccharides.
Synthesis of polyaniline and its derivatives
Polyaniline (PANI) and its derivatives are important conductive materials [31, 32].
Because of their great potential electronic properties and excellent thermal sta-
bility, the development of synthesis and application of PANI and its derivatives
have been widely concerned [31]. Formaldehyde and other toxic substances were
used in the ordinary chemical polymerization method. They are harmful to the
environment, and the enzymatic polymerization technology can overcome the
disadvantages. In catalyzed polymerization, PANI and its derivatives are usually
catalyzed by horseradish peroxidase (HRP). In the presence of H,0,, HRP can
catalyze and oxidize a series of aromatic amines and phenols [32].

Generally, the catalytic mechanism can be described as

HRP + H,0,»> HRPI
HRPI+RH - R;e+ HRP II
HRPII + RH - R;e+ HRP

HRP was oxidized by H,0,to get two valent intermediate HRP I, then HRP I oxidized
the substrate RH, and the partial oxidation intermediate HRP II was obtained,
and then HRP II oxidized the substrate RH. HRP was returned to its initial state
after two steps of single electron reaction. The free radical Rs. reacted with each
other to form dimer, and the dimer continued the oxidation chain growth reaction
to get the polymer finally.

Synthesis of Polyphenylene ether and its derivatives

Polyphenylene ether (PPO) is a kind of high-performance engineering plastics
with excellent thermal stability and chemical stability [33, 34]. In 1996, for the
first time, it was found that at room temperature, the oxidoreductase initiates two
methoxy-hydroxybenzoic acid to form PPO in water-soluble organic solvent, and
a high yield was obtained, as shown in Figure 5.20.

In the mixed solution of water-miscible organic solvent and buffer solution,
compound of 2,6-diphenoxy phenol can take the enzyme polymerization and the
polymer with molecular weight of thousands can be obtained.

Enzyme-catalyzed polymerization is a multidisciplinary research field,
which provides a bridge for the communication among polymer chemistry,
organic chemistry and biochemistry. At present, the study of enzyme-catalyzed

OCH OCH;

> laccase + 0,
OH —————————
HoOoC —H,0, -CO, !

OCH; OCH;

Figure 5.20: Enzyme catalytic polymerization of 3, 5-dimethoxyhydroxy benzoic acid.
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polymerization is still in the exploratory stage, and the reaction mechanisms are
not very clear. There are still a lot of works to carry out in the control of reaction
conditions and the optimization of enzyme. However, as a new polymerization
method, enzymatic polymerization has established a novel and environmen-
tal-friendly approach to synthesize polymer. It is an effective method to prepare
new functional polymer materials, and also has a wide application prospect in
medicine, environmental protection and national defense. With the deepening of
the research, the enzyme-catalyzed polymerization will achieve a breakthrough
in the polymerization technology, and becomes one of the main methods for the
preparation of green polymers.

Questions

1. Please explain the reasons why the micelles are the reaction sites of a-unsatu-
rated monomer in the presence of water medium.

2.  What are the characteristics of emulsion polymerization with water as the disper-

sion medium?

What kinds of polymerization can be carried out in ionic liquids? Please illustrate.

What is polymer radiation cross-linking technology?

Please sketch the characteristics of radiation polymerization.

Please sketch the effect of radiation cross-linking on properties of polymers.

Please explain the principle of self-emulsifying water-based polyurethane.

What are the characteristics of water-based polyurethane?

Please explain the definition and concept of plasma polymerization? What are

the characteristics of plasma polymerization?

10. Please sketch the mechanism of ring-opening polymerization of caprolactone
catalyzed by enzyme.

VO N W AW
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6 Green technology in fine chemical industry

Fine chemical industry is a special chemical industry which produces fine chemicals.
Fine chemical industry is important in modern chemical industry, and it is a symbol
for the level of not only science and technology but also comprehensive strength of a
country. The implication of green fine chemical includes using the principle and tech-
nology of green chemistry, employing nontoxic and harmless raw materials, devel-
oping green synthetic technique and environmental-friendly chemical procedures,
and producing harmless to human health and environmental-friendly fine chemical
products. The connotation of green fine chemical industry covers the greenization
of chemical raw materials, the greenization of chemical industry technique, and the
greenization of fine chemical products.

The greenization of fine chemical raw materials requires the selection of non-
toxic and harmless raw materials as more as possible to decrease the environmental
pollution in the procedures of fine chemicals production.

The greenization of chemical industry techniques requires the employment
of new chemical technology such as catalytic technology and biotechnology to
develop an efficient, high-selective, atom-economical reaction and green syn-
thetic process, reduce or eliminate the harmful wastes from fountainhead, or
improve the chemical reaction technology, reduce or avoid the use of harmful
materials, reduce the emissions of by-product, and achieve zero discharge of
wastes ultimately.

The greenization of fine chemical products requires research and development of
pollution-free alternatives for the traditional chemical products, and design and syn-
thesis of safer chemicals; and the use of environmental-friendly ecological materials
for realizing a harmonious combination between human and nature, according to the
new method and concept of green chemistry.

6.1 Greenization of Pharmaceutical Industry

6.1.1 Introduction

The pharmaceutical industry belongs to the typical fine chemical industry which
is beneficial to the people’s livelihood and health, and mankind’s quality of life is
closely related to the pharmaceutical industry. The characteristics of pharmaceu-
tical industry are the wide varieties, fast replacement, multi-synthetic steps, and
often-employing complex raw materials with lower yield and massive wastes which
cause environmental pollution problems.

The objective of green pharmaceutical industry is to make the chemical princi-
ples and technologies used in the pharmaceutical industry to meet the requirements

https://doi.org/10.1515/9783110479317-006
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of green technology during the process of medicine production. The traditional pro-
cesses are improved and the yield is increased when the environment-friendly tech-
nologies are adopted in the chemical producing procedures, or the raw materials are
fully transformed, toxic and harmful emissions are cut down even and are reduced
to zero emissions in the reaction process. Green pharmaceutical industry has not
only important economic benefits but also significant social and environmental
benefits.

Green pharmaceutical industry is an important research direction in green chem-
istry; its main features are the pollution treatment being designed as the first condi-
tion for selecting production process, and the cleaner production technology being
implemented. The standards of greenization include low energy consumption, no pol-
lution, renewable resources, waste recycling and separation, or degradation. Green
pharmaceutical industry includes green chemical pharmacy, green biological phar-
macy, and green natural pharmacy according to the sources of materials and produc-
tion method.

6.1.2 Green Chemical Pharmacy

The contents of green chemical pharmacy are using principle and technology of
green chemistry for improving the atomic utilization rate, reducing or eliminating the
harmful byproducts, recycling the solvent and reagent, using environment-friendly
technology, and achieving the harmless production process.

The utilization of catalytic technology is an important method to promote the
development of “green pharmacy.” The catalytic processes include various forms of
chemical catalysis and biological catalysis, which are important ways to achieve high
atomic economic reaction. The utilization of catalytic methods can help accomplish
some reactions which cannot be achieved by conventional methods, shorten the syn-
thesis steps and improve the reaction yield.

The screening and optimization of the catalyst is very important in catalytic syn-
thesis procedure. At present, there are many important green catalysts researched,
such as nanozeolite, nano composite oxide lattice oxygen, heteropoly acid, conju-
gated solid superacid, supported transition metal nitrides, carbides, and water-solu-
ble homogeneous organic metal complexes.

An important research content of green chemical technology is to obtain the
optical active substances by asymmetric catalytic synthesis method, which is the raw
material that has to be fully transformed to reduce the toxic and harmful emissions.
The use of asymmetric catalytic synthesis to obtain optical active substances let the
raw materials to be fully converted and reduce the emissions of toxic and harmful
substances in the reaction process, which is one of the important research contents of
green chemical technology.
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Synthesis of Ibuprofen

Ibuprofen is a medicine in the nonsteroidal anti-inflammatory drug (NSAID) class
that is used for treating pain, fever, and inflammation. This includes painful men-
strual periods, migraines, and rheumatoid arthritis [1, 2].

The original synthetic pathway of ibuprofen was named after Brown method
developed by Boots Company, which employed isobutyl benzene as a raw mate-
rial, through Friedel-Crafts reaction producing the intermediate p-isobutylace-
tophenone, then through the Darzens condensation and hydrolysis reaction to
obtain 1-(4-isobutyl phenyl) propionic aldehyde, and finally through oxidation
ibuprofen is obtained. Ibuprofen can also be produced by oximation reaction of
1-(4-isobutyl phenyl) propionaldehyde, followed by hydrolysis, the method to get
the products through six-step reaction is shown in Figure 6.1.

The atom utilization of raw materials is only about 40% in this route. Ibupro-
fen was synthesized only by three steps in BASF and BHC in Germany (Figure 6.2).

In the carbonylation reaction, PACL,(PPh;), was used as catalyst. When IBPE/
PdCL,(PPh;),equaled to 1,500, reaction temperature 130 °C, CO pressure 16.5 MPa,

Ala3

NaOC |-|5

0
WCOOCZH._; _H0* /K/©)\”/ NH,OH
e CH,

Na,Cr,0,
CH,
H5C
4  lbuprofen
Figure 6.1: The route for synthesis of ibuprofen by Brown method.
COCH
/\/© A0 o > Raney-Ni, H,
_—
H;C
CH,
/\/@mcm €O, Pd(PPhy),Cly CHy COOH
H5C
Ibuprofen

Figure 6.2: The route for synthesis of ibuprofen by BASF and BHC.
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IBPE or methyl ethyl ketone (MEK) as the solvent in 10-26% hydrochloric acid,
then the conversion and selectivity will reach 99% and 96%, respectively, after 4 h.
Compared with the traditional Boots method, BHC process is a typical atomic
economic reaction with simple synthesis, high atom utilization of raw materi-
als, uses less number of solvent and avoids producing a large number of wastes,
which leads to less pollution. In Boots process, the oximation includes a six-step
reaction, where only part of the substrate was converted into products(40.03%
atom utilization), while the BHC process takes only three steps (77.44% atom
utilization). If the recovery of by-product acetic acid is considered, the effective
atom utilization of BHC process is up to 99%. BHC has won the Presidential Green
Chemistry Challenge Award for the year 1997.
Synthesis of naproxen
Naproxen is an NSAID of the propionic acid class (the same class as ibuprofen)
that relieves pain, fever, swelling, and stiffness [3, 4]. It is a nonselective COX
inhibitor, usually sold as the sodium salt. Naproxen is an excellent nonsteroidal
anti-inflammatory and analgesic drug, mainly used for the treatment of rheuma-
toid arthritis, ankylosing spondylitis, various types of rheumatism and rheuma-
toid disease, periarthritis of shoulder tendinitis, and so on. The chemical name of
naproxen is (S)-(+)-1-(6-methoxy-2-naphthyl)propionic acid. The traditional syn-
thetic method used beta naphthol as materials, through etherification, Friedel-
Crafts propionylated reaction, bromination, ketone condensation, hydrolysis,
hydrogenation, and chiral separation. The process is shown in Figure 6.3.

The characteristics of this method are the long route, the high cost, and the
serious pollution, and large amount of concentrated sulfuric acid and sodium
hydroxide being used in the reaction, which causes substantial wastewater and
does not meet the requirements of environmental protection.

A new method to synthesize racemic naproxen was developed by Mon-
santo Company. Through electrolytic carboxylation and catalytic hydrogenation,
6-methoxy-2-acetyl naphthalene was converted to racemic naproxen. The total yield
reaches to 83% catalyzed by phase transfer catalyst, based on aluminum anode in DMF
solution with the pressure of CO, at 0.253 MPa. The electrolytic product 2-hydroxy-2-

(CH3),S0, C,HsCocl
_—
HO Conc.H,S0, H,CO 2h

COCH,CH;3

COCHBrCH3
Polybrominated three methyl aniline resin
H3CO H3CO

CH,

(CH3),C(CH,0H),, CHsCH; :uc00H
p-CHy-CgH,SOSH, (CHiCO0),Zn H

Figure 6.3: The traditional synthetic method of Naproxen.
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(6’-methoxy-2"-naphthyl) propionic acid was converted into 2-(6-methoxy-2-naphthyl
methacrylate) acrylic acid after dehydration.(see Figure 6.4).

The anti-inflammatory and analgesic effect of (S)-naproxen is 28 times higher
than that of (R)-naproxen, but half of its by-products will be generated through
enantioseparation of racemic naproxen, which does not meet the requirements
of atom economy. High yield and enantioselectivity can be obtained when pre-
paring (S)-naproxen through asymmetric synthesis while employing chiral phos-
phine ruthenium complexes as catalyst.

A new chiral diphosphine ligand was synthetized by Qiu, the yield and enan-
tioselectivity catalyzed by [RuCI (p-cymene)]Cl in the catalytic hydrogenation of
2-(6-methoxy-2-naphthyl) acrylic acid in methanol solvent was 100% and 97%,
respectively.(see Figure 6.5)

In another research at DuPont, Markovnikov addition reaction of 6-meth-
oxy-2-naphthalene ethylene with HCN in the presence of 1,2-glycol phosphinate
ligand Ni(0) complexes, the yield of cyanide was 100% and the enantioselectivity
was 85%. In the next step reaction of cyanide hydrolyzation to (S)-naproxen in
acid, the total yield exceeds 90% and e.e. value is 99% after crystallization, which
shows a significant greenization.

3. Synthesis of L-DOPA
L-DOPA (L-3, 4-dihydroxyphenylalanine) is an amino acid that is made and used
as part of the normal biology of humans, some animals, and plants. Some animals
and humans make it via biosynthesis from the amino acid L-tyrosine. L-DOPA is

OH
COCH; c—COOH
Bu,NBr, DMF H,
MeO + €O, Electrolyzation 6 h - MeO

CH,
H,, Pd / C cooH
—_—
AcOH, 4 h MeO
Naproxen

Figure 6.4: The synthetic method of naproxen by Monsanto.

CH;

CH,
MeO MeO

(S)-Naproxen Y: 92%, 97%e.e.

CH, CHy CH,

I - -
—_— —_—
MeO MeO MeO

Figure 6.5: The modified synthetic method of naproxen.

EBSCChost - printed on 2/13/2023 6:03 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

160 —— 6 Green technology in fine chemical industry

AcO

the precursor to the neurotransmitters dopamine, norepinephrine (noradrena-
line), and epinephrine (adrenaline) collectively known as catecholamines. Fur-
thermore, L-DOPA itself mediates neurotrophic factor release by the brain and
CNS [5, 6]. L-DOPA is used for the treatment of neurological Parkinson syndrome,
which was once produced by enzyme-catalyzed procedure with complex opera-
tion. A large-scale production of L-DOPA employing Rh-DIPAMP as the catalyst in
Monsanto is a significant method with 95% optical yield.

H  COOH
‘*NHA COOH COOH
c H,
R HCl(aq)
Rh(DIPAMP) Aco/[:;j//\E;Ac Y HO NH,
OMe OMe OH

95 % e.e. L-dopa
A chiral binaphthyl ligand (BINAP) metal catalyst Rh-BINAP produced by Kyoto

University in Japan was used in the asymmetric catalytic hydrogenation of C=C to
produce the intermediate of L-DOPA with optical yield of 65%.

H COOH
COOH
NHAc H,
—_—m
Rh-BINAP AcO NHAC
AcO  OMe 65% OMe

96 % e.e.

Synthesis of sitagliptin

Sitagliptin is dipeptidyl peptidase-4 (DPP-4) inhibitors for the treatment of type
2-diabetes, possessing good curative effect and little side effect [7]. The greener
synthetic pathway award of US Presidential Green Chemistry Challenge Award in
2006 was awarded to Merck Company for the preparation of Januvia™ containing
sitagliptin active ingredients from beta amino acids. In the route, waste can be
reduced dramatically, and the total yield increased nearly 50%.

Januvia™ is a new drug for the treatment of type 2-diabetes. More than 200
pounds of clinical trial medicines were prepared through the first-generation
synthetic sitagliptin route in Merck which is enlarged to large-scale production
after a simple adjustment. However, the synthesis procedure still requires eight
steps, including many complex operations. In addition, several macromolecular
reagents are needed, which do not exist in the terminal product molecule and
eventually become a waste.(see Figure 6.6).

Researchers in Merck Company with cooperative colleagues in Solvias
Company, specialized in the study of asymmetric catalyst reaction, found that
the beta amino acid derivatives can be obtained with high optical purity and high
yield catalyzed by metal rhodium salt with two ferrocenyl as ligands.
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Figure 6.6: The traditional synthetic method of Sitagliptin by Merck.

The findings provided a common method for the synthesis of biologically active
beta amino acids. Because of the expensive chiral catalysts, scientists and engi-
neers in Merck used the catalyst only in the final synthesis step, the reaction
yields have been increased significantly.

The whole reaction process of sitagliptin from the precursor dehydrogenation
to the asymmetric hydrogenation is achieved in a container. After the completion
of the hydrogenation reaction, 95% noble metal rhodium can be recovered and
reutilized. Since the reactive amino group in the sitagliptin molecule is exposed
until the last step, no group requires protection. The new synthetic route has three
steps, which decreases raw material consumption, reduces energy consumption,
cuts down waste emissions, and increases the total yield. (see Figure 6.7)

6.1.3 Green Biopharmaceutical

Biopharmaceutical is a kind of pharmaceutical technology combining biological princi-
ple and pharmaceutical engineering, and is widely used of modern biotechnology in the
field of medical and pharmaceutical. Biotechnology can provide new means for research
and innovation in medicine, can be used for the preparation of a large number of bioactive
substances which are difficult to obtain, endogenous proteins, and peptides and makes
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Figure 6.7: The synthetic method of Sitagliptin by Merck and Solvias.

them become new drugs. The new drugs can be used to improve vaccines to prevent the
disease, and to establish a new diagnostic method which plays more and more important
role in the prevention of diseases which seriously endanger people’s health.
The modern biotechnology mainly includes:
(1) Gene engineering, including recombinant DNA technology and its transgenic
technology
(2) Cell engineering, including technology of cell, protoplast fusion, animal, and
plant cell large-scale culture
(3) Enzyme engineering, including immobilization technology of enzyme or cell,
as well as enzyme chemical modification, physical modification, enzyme gene
cloning, and enzyme gene mutation technology
(4) Fermentation technology, including high-density fermentation, continuous fer-
mentation, and other new fermentation technologies
(5) Modern biological reaction engineering and modern separation technology of
biological products

Using modern biotechnology not only optimizes the process conditions, the reaction
conditions become mild, but also reduces energy consumption and avoids pollution.
Therefore, the new biotechnologies have shown stronger vitality in the green synthe-
sis and screening of new pharmaceutical direction.
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Preparation of human erythropoietin

Erythropoietin (EPO), also known as hematopoietin or hemopoietin, is a glyco-
protein that controls erythropoiesis, or red blood cell production. It is a cytokine
(protein signaling molecule) for erythrocyte (red blood cell) precursors in the
bone marrow. Human EPO has a molecular weight of 34 kDa.

EPO is produced by interstitial fibroblasts in the kidney in close association
with peritubular capillary and proximal convoluted tubule. It is also produced in
perisinusoidal cells in the liver. While liver production predominates in the fetal
and perinatal period, renal production is predominant during adulthood.

Exogenous erythropoietin can be provided to people whose kidneys cannot
make enough EPO. Recombinant human erythropoietin (rhEPO) is produced by
recombinant DNA technology in cell culture. Several different pharmaceutical
agents are available with a variety of glycosylation patterns and are collectively
called erythropoiesis-stimulating agents (ESA). Major examples are epoetin alfa
and epoetin beta. The specific details for labeled use vary between the package
inserts, but ESAs have been used in the treatment of anemia in chronic kidney
disease, myelodysplasia, and cancer chemotherapy. Boxed warnings include
a risk of death, myocardial infarction, stroke, venous thromboembolism, and
tumor recurrence. thEPO has been used illicitly as a performance-enhancing
drug; it can often be detected in blood due to slight differences from the endoge-
nous protein, for example, in features of posttranslational modification [8].

1) Large-scale cultivation of rhEPO engineering cells

After enlarging cultivation, the engineering cell lines were inoculated into

the packed bed bioreactor under suitable pH and dissolved oxygen condi-

tions. The inoculated engineering cell lines were firstly allowed to grow in
the fetal bovine serum contained culture medium, which was then replaced
by serum-free perfusion culture. Culture supernatant was collected, in which
the expression of EPO quantity therein was about 5000 1U/ml. After ion
exchange, chromatography, reverse phase chromatography and molecular
sieve chromatography treatment, the EPO with high purity and high specific
activity was obtained.

2) Purification technology

The purification process was: culture supernatant->ion exchange chromatog-
raphy—~>desalination>C, reverse phase chromatography-ultrafiltration con-
centration>molecular sieve chromatography. The fermentation supernatant
was added to the ion exchange chromatography column balanced by buffer
solution, then eluted by NaCl solution, EPO component is collected; and then
desalinated by the Sephadex column. The collected liquid is eluted discontin-
uously by anhydrous alcohol from C, column; the collected EPO component is
diluted and concentrated by ultrafiltration. After processing with ion exchange
chromatography, purification by the reversed phase chromatography, and
molecular sieve chromatography, EPO activity component is obtained.
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The characteristic of the above procedure was that the operation time
was short. The purification period was only 48 h, and avoiding the bac-
terial contamination caused by long time treatment may result in higher
pyrogens and excessive degradation of the EPO molecules in the products.
After repeated chromatography, the purity of EPO samples was higher
than 90%.

The total yield of purified biological activity EPO was 46%, which was
proved to have immune properties same as the natural EPO. Therefore, the
technology is suitable for large-scale production of thEPO with high purity
and activity.

2. Preparation of new calcitonin

Calcitonin (also known as thyrocalcitonin) is a 32-amino acid linear polypeptide
hormone that is produced in humans primarily by the parafollicular cells (also
known as C-cells) of the thyroid, and in many other animals in the ultimopharyn-
geal body. It acts to reduce blood calcium (Ca*), opposing the effects of parathy-
roid hormone [9, 10].

Calcitonin has been found in fish, reptiles, birds, and mammals. Its impor-
tance in humans has not been as well established as its importance in other
animals, as its function is usually not significant in the regulation of normal
calcium homeostasis. It belongs to the calcitonin-like protein family.

Calcitonin (nCT) and its analogs have been widely used in clinical treatment
of osteoporosis disease and hypercalcemia. The bioactivity of salmon calcitonin
is the highest among the calcitonin, whose activity is 50 times higher than of
human calcitonin, but the long-term use of nonhuman sources of salmon cal-
citonin will produce antibodies. The new calcitonin (nCT/pGEX-2T/BL E.coli 21)
with high activity, long half-life, and low antigen was obtained by employing
human and salmon calcitonin as the lead compound. The specific process is as
follows [11].

1) Fermentation of engineering bacteria

The gene engineering bacteria nCT/pGEX-2T/E.coli BL21 single mycelium

were inoculated in a Luria-Bertani culture medium. After being shocked and

cultured at 37 °C for 15 h, the bacteria were then inoculated into a shaking
flask with culture medium. By ventilation and addition of isopropyl thio-p-
d-galactosidase (IPTG), the concentration of engineering bacteria gradually
turned to 0.1 mmol/L. Then further cultivation for 4 h, the bacteria were col-
lected via centrifugalization,The collected bacteria were used for mass prepa-
ration of target bacteria by fermentation in a tank.

2) Purification of fusion protein

The collected centrifugal fermentation bacteria was placed in centrifuge

tubes, and put the centrifugal tube in the refrigerant (dry ice and ethanol)

after adding a certain amount of succinic acid-1,4-butylene glycol polyester
soliquoid. After intermittent centrifugation, the supernatant was collected.
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The concentration of fusion protein was adjusted to 10 mg/mL by chro-

matography column, elution, dialysis, and polyethylene glycol concentration.

3) The purification of calcitonin precursor
Through sulfonation, dissociate cracking by bromine hydride of the
fusion protein; put the liquid into the fast gel column, wash to absorbance
Asgonm < 0.05 under 10 mmol/L HCl; then wash by eluent (10 mmol/L HCI,
100 mmol L NacCl), detected by UV absorption; collect the outflow, then
frozen dried and purified by RP-HPLC.

4) Preparation of new calcitonin
The new calcitonin precursor was added into ammonia solution (pH = 9.5,
regulated by HCI), added DMSO to make polypeptide completely dissolved;
then added 50 mol/L carboxypeptidase solution, and reacted at 37 °C for 1 h,
then added trifluoroacetic acid to the reaction solution with swing to termi-
nate the reaction (final concentration 1%). pH was adjusted to 8 with 2 mol/L
NaOH and add cysteine to make the final concentration of 5 mmol/L, react
for 1 h at 37 °C to restore disulfide bonds, then purified using RP-HPLC and
collect the effluent liquid. After vacuum distillation, freeze-drying, analyzed
by amino acid composition analysis and mass spectrometry, the components
of the new calcitonin were determined.

6.1.4 Green Natural Medicine

Green natural medicine makes full use of modern science and technology, accord-
ing to medical standards, researches and develops safe, efficient, stable and control-
lable modern Chinese medicine products. The keys to realize the modernization of
the natural pharmacy by means of modern science and technology are the studies of
modernization of natural medicine production technology, industrialization of man-
ufacturing technology, and large-scale production by adopting modern science and
technology. In the procedure of the manufacture of natural medicine, the pharmaceu-
tical industry makes use of the supercritical fluid extraction, ultrasonic extraction,
and resin adsorption and separation .
1. Extraction of ginkgo flavones
There are many active ingredients in ginkgo biloba, such as flavonoids, terpe-
noids, and phenolic acids, which have strong physiological activity of the central
nervous system, circulatory system, respiratory system, and digestive system;
they can increase cerebral blood flow, improve the circulation function of cer-
ebral vessels, protect brain cells, expand coronary artery, prevent angina and
myocardial infarction, prevent thrombosis, and improve the immune capacity.
In addition, it has antibacterial, anti-inflammatory, anti-allergic effects, which
is beneficial to coronary heart disease, angina pectoris, cerebral arteriosclerosis,
senile dementia, and hypertension patients.
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At present, a solvent extract has been adopted to obtain ginkgo biloba fla-
vones. For example, ginkgo biloba flavone was obtained when employing 60%
acetone as the extract solvent, after extraction, separation, and purification. But
there were disadvantages of the process: long time extraction, multiple wash, fil-
tering, and extraction process; consuming much organic solvent, high production
cost, low yield, and poor quality of products; producing a large number of waste-
water and waste residue, pollution to natural environment, and residual contain-
ing heavy metals and organic solvents in products that will bring toxic side effects.

Application of supercritical fluid extraction of active components of ginkgo
biloba is an effective method to overcome above disadvantages. The process of
supercritical extraction is shown in Figure 6.8.

After drying and crushing, the green ginkgo leaf has been graded and loaded
to the extractor and sealed, open the extractor, separator, and other heating
device to preheat the whole system. At the same time set the required extraction
temperature; open the air inlet switch of CO, and start the compressor, increase
the pressure to achieve the required range, then open the valve, and input carbon
dioxide. When the required temperature and pressure of extraction is achieved,
keep a certain time and then start the separation operation; when the pressure
is stable at 10 MPa, remove ginkgolic phenolic acid, chlorophyll, and other

O
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Figure 6.8: Extraction process of flavonoids from Ginkgo biloba leaves by supercritical CO,.
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Figure 6.9: The structure of paclitaxel.

impurities; when the pressure is above 10 MPa and stable, the effective compo-
nents of ginkgo biloba leaves are extracted, separated, collected, and the struc-
ture of extraction products are determined [12].

Carbon dioxide is used as the extraction medium in the supercritical fluid
extraction process with safe, nontoxic, and mild extraction condition. The natural
quality of the effective components of ginkgo biloba leaves is maintained and no
residual of heavy metals and toxic solvents is present. Compared to the solvent
extraction, supercritical fluid extraction is a greener extraction technology.
Extraction of paclitaxel
Paclitaxel (PTX, see Figure 6.9), sold under the brand name Taxol among others,
is a chemotherapy medication used to treat a number of types of cancer. This
includes ovarian cancer, breast cancer, lung cancer, Kaposi’s sarcoma, cervical
cancer, and pancreatic cancer. It is given by injection into a vein. There is also an
albumin-bound formulation [13].

The nomenclature for paclitaxel is structured on a tetracyclic 17-carbon
(heptadecane) skeleton. There are a total of 11 stereocenters. The active stereoi-
somer is (-)-paclitaxel and chemical name is -(benzoylamino)-a-hydroxy-(2aR,
4S, 4aS, 6R, 9S, 115, 125, 12aR, 12bS)-6, 12b-bis(acetyloxy)-12- (benzoyloxy)-2a,3,
4,4a,5,6,9,10,11,12,12a,12b-dodecahydro-4,11-dihydroxy-4a,8,13,13-tetramethyl-
5-0x0-7,11-methano-1H-cyclodeca[3,4]benz[1,2-bJoxet-9-yl ester, (aR,BS)-benzene-
propanoic acid.

The discovery was made by Monroe E. Wall and Mansukh C. Wani at the
Research Triangle Institute, Research Triangle Park, North Carolina, in 1971. These
scientists isolated the natural product from the bark of the Pacific yew tree, Taxus
brevifolia, determined its structure and named it as “taxol,” and arranged for its
first biological testing [14]. The compound was then developed commercially by
Bristol-Myers Squibb (BMS), who had the generic name assigned as “paclitaxel.”
Paclitaxel was approved for medical use in 1993. It is in the World Health Organi-
zation’s list of essential medicines, the most effective and safe medicines needed
in a health system.
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Paclitaxel is approved in the United Kingdom for ovarian, breast and lung,
bladder, prostate, melanoma, esophageal, and other types of solid tumor cancers
as well as Kaposi’s sarcoma. It is recommended in National Institute for Health and
Care Excellence (NICE) guidance of June 2001 that it should be used for nonsmall
cell lung cancer in patients unsuitable for curative treatment, and in first-line and
second-line treatment of ovarian cancer. In September 2001, NICE recommended
paclitaxel should be available for the treatment of advanced breast cancer after the
failure of anthracyclic chemotherapy, but that its first-line use should be limited
to clinical trials. In September 2006, NICE recommended paclitaxel should not be
used in the adjuvant treatment of early node-positive breast cancer. In 2005, its
use in the United States for the treatment of breast, pancreatic, and nonsmall cell
lung cancers was approved by the Food and Drug Administration (FDA).

Paclitaxel is one of several cytoskeletal drugs that target tubulin.
Paclitaxel-treated cells have defects in mitotic spindle assembly, chromosome
segregation, and cell division. Unlike other tubulin-targeting drugs such as col-
chicine that inhibit microtubule assembly, paclitaxel stabilizes the microtubule
polymer and protects it from disassembly. Chromosomes are thus unable to
achieve a metaphase spindle configuration. This blocks the progression of mitosis
and prolonged activation of the mitotic checkpoint triggers apoptosis or reversion
to the G-phase of the cell cycle without cell division. The ability of paclitaxel to
inhibit spindle function is generally attributed to its suppression of microtubule
dynamics, but recent studies have demonstrated that suppression of dynamics
occurs at concentrations lower than those needed to block mitosis. At higher ther-
apeutic concentrations, paclitaxel appears to suppress microtubule detachment
from centrosomes, a process normally activated during mitosis. Paclitaxel binds
to beta-tubulin subunits of microtubules.

It is more complex and difficult to extract taxol from the natural yew trees.
The main reason is that the taxol content in plants is too low, the highest taxol
content is less than 0.02%, and there are 200 kinds of taxol analogues; the chem-
ical structures and properties are similar with paclitaxel, therefore the separation
of taxol is very difficult.

The principle of supercritical CO, fluid extraction of taxol is shown in Figure
6.10. Put the sample in the extraction tank, carbon dioxide and methanol were
pumped to the fluid mixer through CO, pump and modifier pump respectively;
after mixing in manifold in the extractor at pressure 27.6 MPa and temperature
31°C, the mixture was transferred to enter the extraction pool. When the dynamic
extraction is started, the supercritical CO, flows into the collection bottle through
arestrictor and then undergoes decompression. The extracts were brought out by
the fluid to be collected in the collecting liquid. Methanol was used as an absorp-
tion solution, and the collected liquid was concentrated by vacuum rotary evapo-
ration and dried for 2 h at 50°C. The content of taxol was detected when collected
at 30, 60, 90, and 120 min, respectively (see Figure 6.10) [15].
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Figure 6.10: The principle of supercritical fluid extraction of taxol. 1, CO, cylinder; 2, CO, pump; 3, 6,
8, valves; 4, modifier containers; 5, modifier pump; 7, fluid mixer; 9, manifold; 10, extraction unit;
11, extraction tank; 12, current limiting unit; 13, current limiter; 14, collection unit; 15, collection
bottle; 16, exhaust valve.

By adding ethanol in CO, as modifier and maintaining the extraction of taxol
in the appropriate temperature and pressure, most of the bark of paclitaxel
can be an effective extraction, and the selectivity to paclitaxel is better than
the traditional ethanol extraction. The extraction of taxol by supercritical
fluid is a green process with low solvent consumption, high yield, and less
waste.

6.2 Greenization of Pesticide Industry

6.2.1 Introduction

Green pesticide is a kind of high efficient, stable, convenient, and environmen-
tal-friendly pesticide product to use, which is manufactured by pollution-free materi-
als and procedures without harmful by-products. The use of green pesticides cannot
only protect the normal growth of crops, to ensure a stable crop yield, but also reduce
environmental pollution. In accordance with green agricultural products, pesticide
products should have the characteristics of high efficiency, low toxicity, low residue,
and good selectivity in the future, which include green biological pesticides, green
chemical pesticides, and green pesticide formulations.
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6.2.2 Green Biological Pesticides

Biological pesticides are a kind of formulations which can prevent and control
harmful organisms by employing living organisms or its metabolites, which have
the advantages of good selectivity, no pollution, no drug resistance, wide range of
raw materials, and so on. Biological pesticides can be divided into microbial living,
microbial metabolites, mixture of living and metabolites, botanical pesticides, and
biochemical pesticides. Moreover, transgenic plant with antiviral and disinfection
function can also be included in the category of biological pesticide. According to the
prevention of different objects, green biological pesticides can also be divided into
pesticides, fungicides, herbicides, plant growth regulators, etc.

Green biological pesticides include active pesticides of natural enemies of harmful
organisms, some of the secondary metabolites of biological metabolism, such as the
gene introduction of resistance to insect crops or disease crops. Among which, the
most widely used category is microbial pesticides.

1. Microbial pesticides

Microbial pesticides include microbial pesticides, microbial herbicides, and agri-

cultural antibiotics. The microbial pesticide is a kind of formulations using insect

pathogens as insecticide; these pathogens can be used without modification by
the application of near natural state, standard genetic operations, or recombinant

DNA technology to improve the insecticidal activities. Insect pathogens included

viruses, bacteria, fungi, protozoa, and so on; all of them have pathopoiesis and

lethal effects on their host insects.

Microbial herbicides employ natural enemy living organisms, such as her-
bivorous and pathogenic microorganisms by way of ecology use, which control
weed population in the economic, ecological, and aesthetic acceptable level in
the natural state. The research and development of microbial herbicides began in
mid-twentieth century, and used microorganism itself for weed control directly.
1) Avermectins

The avermectins (see Figure 6.11) are a series of drugs used to treat parasitic

worms. They are a 16-membered macrocyclic lactone derivatives with potent

anthelmintic and insecticidal properties [16, 17]. These naturally occurring
compounds are generated as fermentation products by Streptomyces aver-
mitilis, a soil actinomycete. Eight different avermectins were isolated in four
pairs of homologue compounds, with a major (a-component) and minor

(b-component) component usually in ratios of 80:20 to 90:10. Other anthel-

mintics derived from the avermectins include ivermectin. It is fermentation

metabolites of soil microorganism of gray Streptomyces.

Avermectin is an agricultural antibiotic insecticide and acaricide, which
can prevent and cure the phytophagous mites and Lepidoptera, Hymenop-
tera, Coleoptera, Hemiptera, and other pests effectively; it is a new, high
efficient, low toxic, and nonpolluting biological pesticide. Merck Sharp
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Figure 6.11: The structure of avermectin.

and Dohme Agvet had employed the mixture of two kinds of avermectin Bla

and Blb as insecticides and acaricides, which had been industrialized for

production.

Avermectin belongs to insect nerve poison. The main function is to inter-
fere neuro physiological activities of the insects with contact and stomach
toxicity; it has no internal absorption but has a strong penetration, and can
be a transverse conduction in the plant. The insecticidal and acaricidal activ-
ities are 5-50 times higher than those of the commonly used pesticides. The
dosage of pesticide is only 1-2% of common pesticides. Avermectin is non-
toxic to egg in which the embryo is undeveloped; however, it has a strong
ovicidal toxicity in the late stage of embryo development.

The medicament has good controlling effect against the resistant insect,
and no cross-resistance to organophosphorus, pyrethroid, and carbamate
pesticides.

Currently, the production process of avermectin is mainly the following
steps.

(1) Strain improvement. The qualities of avermectin strain have important
influence on the avermectin production. The fermentation unit of orig-
inal strain of avermectin is very low; the fermentation unit of the first
discovered strain MA-4680 was only 9 pg/mL. Though the changes of
fermentation conditions have greatly improved the yield, it is still only
120 pg/mL, which is not suitable for large-scale fermentation. The strain
was mutated and obtained by UV, and the fermentation unit reached
to 500 pg/mL. The yield has been greatly improved compared with the
original strain. A strain of streptomycin-resistant mutant were obtained
through ultraviolet (UV) mutagenesis of an original strain by Feng Jun,
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the fermentation unit increased 116 times than that of the original strain,
and the fermentation unit of another mutant increased 215 times; the
fermentation efficiency was increased 116 times, and the ratio of Bla and
B1b in the product was increased from 8 to 20 by using the nitrosoguan-
idine to induce mutation.

(2) Fermentation medium: fermentation medium is very important in the
industrialization of fermentation products. At present, many culture
mediums have been used for the fermentation, due to a variety of dif-
ferent components, especially the natural components have great influ-
ence on the yield of fermentation; it is necessary to choose a good com-
bination of culture medium and culture condition. The commonly used
carbon sources are sugar, oil, organic acid, and low carbon alcohol.
Using glucose as carbon source can obtain the highest yield of fermen-
tation, and the mycelial growth amount is the largest; however, the
yield of dry silk weight was less than when using wheat flour as carbon
source, therefore wheat flour is an ideal carbon source. In the medium
optimization, more than 170 kinds of fermentation media with different
proportions and starch were selected as the most suitable carbon source.

(3) Crystallization: Crystallization is the key step for avermectin purify-
ing process. Bagner Oarl studies a direct toluene extraction method of
abamectin in fermentation. The fermentation liquid without filtering
was directly adjusted to a pH level of 2.5 by adding sulfuric acid, and
then it was extracted under heat by a mixture of toluene and fermen-
tation broth in the ratio 2:1. The toluene extract solution was collected
and concentrated to obtain the crude product. Using the direct crystalli-
zation method for twice, the total extraction yield and purity reached to
97.3% and 95%, respectively.

2) Bialaphos

Bialaphos (see Figure 6.12) is a natural herbicide produced by the bacteria

Streptomyces hygroscopicus [18] and Streptomyces viridochromogenes. Bial-

aphos is a protoxin but nontoxic as well. When it is metabolized by the plant,

the glutamic acid analog glufosinate is released which inhibits glutamine
synthetase. This results in the accumulation of ammonium and disruption of

primary metabolism [19].

0

0 0
H : )J\/\/H
HO N —OH
\QAH

: \
H>

= I

Figure 6.12: The structure of bialaphos.
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The sodium salt of bialaphos can be used to control the annual weeds on the
cultivated land, and also be used for the prevention of the annual and peren-
nial weeds on the uncultivated land. As a biologically active acid, bialaphos
is an efficient and irreversible inhibitor of glutamine synthetase, which can
cause the accumulation of ammonia and inhibit the phosphorylation of pho-
tosynthesis.

In addition, bialaphos also inhibits the photosynthetic phosphorylation
in photosynthesis. It is absorbed by the stem and leaves, and has the func-
tion of internal absorption and contact. It is used for the removal of a variety
of annual and perennial single leaf and dicotyledonous weeds in grapes,
apples, citrus orchards, as well as for no-tillage, nonarable land weeding.
The product has the properties of easy loss of activity, easy metabolism, and
biological degradation in soil, so it is safety for use.

3) Kasugamycin

Kasugamycin (Ksg, see Figure 6.13) is an aminoglycoside antibiotic that was
originally isolated from Streptomyces kasugaensis, a Streptomyces strain
found near the Kasuga Shrine. Kasugamycin was discovered by Hamao
Umezawa [20], who also discovered kanamycin and bleomycin, as a drug
which could prevent growth of a fungus causing rice blast disease. It was
later found to inhibit bacterial growth also. It exists as a white, crystalline
substance and it is also known as kasumin.

Like many of the known natural antibiotics, kasugamycin inhibits pro-
liferation of bacteria by tampering with its ability to make new proteins, the
ribosome being the major target. Kasugamycin inhibits protein synthesis at
the step of translation initiation. Kasugamycin inhibition is thought to occur
by direct competition with initiator transfer RNA. Recent experiments suggest
that kasugamycin indirectly induces dissociation of P-site-bound fMet-tRNAf-
Met from 30S subunits through perturbation of the mRNA, thereby interfer-
ing with translation initiation [21].

Figure 6.13: The structure of kasugamycin.
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Kasugamycin specifically inhibits translation initiation of canonical but not
of leaderless mRNA. For initiation on leaderless mRNA, the overlap between
mRNA and kasugamycin is reduced and the binding of tRNA is further stabi-
lized by the presence of the 50S subunit, minimizing Ksg efficacy. Kasugamy-
cin also induces the formation of unusual 61S ribosomes in vivo, which are
proficient in selectively translating leaderless mRNA. 61S particles are stable
and are devoid of more than six proteins of the small subunit, including the
functionally important proteins S1 and S12.

Kasugamycin is an ideal agent for the prevention and treatment of a
variety of bacterial and fungal diseases, which has the function of preven-
tion, treatment, growth, and regulation. It is not only a special antibiotic
against rice blast but also has a good controlling effect on rice thin disease,
citrus flow plastic disease, sand skin disease, kiwi ulcer disease, pepper
bacterial scab, celery early blight, and bean curd. Komycin may cause slight
harm to peas, beans, soybeans, grapes, citrus, and apples but no harm to
rice, potatoes, beets, tomatoes and, other vegetables. Komycin is less toxic to
mammals, and has good environmental compatibility, and no adverse effect
on nontarget organisms and environment.

2. Plant source pesticide

The active ingredients of plant-derived pesticides are naturally occurring, which

are generally low in toxic and has no residue. They are safe on humans and

animals, and easy for degradation. The possibility of accumulation of toxicity in

the environment is small, the environmental compatibility is good, and the pests

are difficult to produce resistance: they do not kill insect’s natural enemies, and

have a broad development prospects in agriculture.

1) Azadirachtin
Azadirachta indica is widely planted in tropical and subtropical regions. The
extract of azadirachtin (see Figure 6.14) contained in seeds, leaves, and bark has
strong insecticidal properties. Azadirachtin has a variety of effects on herbivo-
rous insects, and has a strong food repellent effect. Many insects are not eating
azadirachtin-treated crops. Azadirachtin can interfere the molting of insects by
antagonizing ecdysone, resulting in morphological defects in insects when con-
tacted with the crop sprayed by azadirachtin; they can also reduce their fecun-
dity by disturbing the mating behavior of phytophagous insects. Azadirachtin
is a broad-spectrum, high-efficient, low-toxic, easy-to-degrade, nonresidual
pesticide and nonresistant insecticide to almost all plant pests, and has no pol-
lution to humans and animals and to the surrounding environment.

Azadirachtin is a chemical compound belonging to the limonoid group
and a secondary metabolite present in neem seeds. It is a highly oxidized tetra-
nortriterpenoid which boasts a plethora of oxygen bearing functional groups,
including an enol ether, acetal, hemiacetal, tetrasubstituted epoxide, and a
variety of carboxylic esters. Azadirachtin has a complex molecular structure;
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Figure 6.15: The structure of pyrethrum.

it presents both secondary and tertiary hydroxyl groups and a tetrahydrofu-
ran ether in its molecular structure, alongside 16 stereogenic centers, seven of
which are tetrasubstituted. These characteristics explain the great difficulty
encountered when trying to prepare this compound from simple precursors,
using methods of synthetic organic chemistry. Hence, the first total synthesis
was published over 22 years after the compound’s discovery: this first syn-
thesis was completed by the research group of Steven Ley at the University of
Cambridge in 2007 [22, 23]. The described synthesis was a relay approach with
the required heavily functionalized decalin intermediate being made by total
synthesis on a small scale, but it has been derived from the natural product
itself for the gram-scale operations required to complete the synthesis.

The best solvent in ultrasonic assisted extraction of azadirachtin is meth-
anol with the material to liquid ratio of 1:2, ultrasonic power of 200 W, extrac-
tion time of 15 min, and the best conditions of extraction yield is 0.38%; in
microwave extraction, employing methanol as solvent has microwave power
of 210 W, material to liquid ratio of 1:3, radiation time of 3 min, total extrac-
tion for 3 times, and extraction yield up to 0.52%. Compared with the tra-
ditional magnetic stirring method, the method is simple and the extraction
time is short [24].

Pyrethrum

Pyrethrum (see Figure 6.15) was a genus of several Old World plants now
classified as Chrysanthemum or Tanacetum (e.g., Chrysanthemum coccineum)
which are cultivated as ornamentals for their showy flower heads [25].
Pyrethrum is used as a common name for plants formerly included in the
genus Pyrethrum. Pyrethrum is also the name of a natural insecticide made
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from the dried flower heads of Chrysanthemum cinerariifolium and Chrysan-

themum coccineum.

Pyrethrum has high economic value and ornamental value. The poisonous
substances which existed in roots, stems leaves, and flowers can be extracted
as the pyrethrum materials for the preparation of various pesticides, for killing
aphids, mosquitoes and flies, cabbage caterpillar, cotton bollworm, etc. The
leaves of Chrysanthemum cinerariifolium are often used to produce mosquito-
repellent incense for mosquito killing and driving flies, and have special effects
on bugs, lice, and fleas. Pyrethrum can also be directly used to kill pests such as
aphids, mosquitoes and flies, cabbage caterpillar, and cotton bollworm. It has
advantages of not polluting environment, not destroying ecological balance,
no resistance and no harmful to human, livestock, poultry, and mammals.

Pyrethrin is a nonintramuscular contact insecticide, which can be com-
bined to sodium ion channel of insect cell membrane, extending its opening
time, causing insect shock and death. Pyrethrin is generally used together
with synergist, a kind of synergistic ether. Pyrethroids are unstable to light,
and synergistic ether can inhibit the decomposition of pyrethroids. Pyre-
thrum has relatively low levels of toxicity and many pyrethrins are used in
combination with pesticides.

The extraction of pyrethrin by microwave has the advantages of short time,
high yield, low solvent consumption, better product quality, and shallow color
[26]. Microwave extraction of pyrethroids can be carried out by continuous
microwave irradiation. When the total time of microwave irradiation is equal
to the traditional extraction time and the operating temperature is below to
the boiling point of the solvent, higher yield and higher content of pyrethrin in
the extract can be obtained along with the microwave irradiation time.

Genetical engineering pesticides

Genetic engineering, also called genetic modification, is the direct manipulation
of an organism’s genome using biotechnology. It is a set of technologies used to
change the genetic makeup of cells, including the transfer of genes within and
across species boundaries to produce improved or novel organisms. New DNA may
be inserted in the host genome by first isolating and copying the genetic material
of interest using molecular cloning methods to generate a DNA sequence, or by
synthesizing the DNA, and then inserting this construct into the host organism.
Genes may be removed, or “knocked out,” using a nuclease. Gene targeting is a dif-
ferent technique that uses homologous recombination to change an endogenous
gene, and can be used to delete a gene, remove exons, add a gene, or introduce
point mutations.

Genetic engineering techniques have been applied in numerous fields includ-
ing research, agriculture, industrial biotechnology, and medicine. Enzymes used
in laundry detergent and medicines such as insulin and human growth hormone
are now manufactured in GM cells, experimental GM cell lines and GM animals
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such as mice or zebra fish are being used for research purposes, and genetically
modified crops (GMCs) have been commercialized. Humans have altered the
genomes of species for thousands of years through selective breeding, or artificial
selection [27, 28] as contrasted with natural selection, and more recently through
mutagenesis. Genetic engineering as the direct manipulation of DNA by humans
outside breeding and mutations has only existed since the 1970s.

GMCs, GM crops, or biotech crops are plants used in agriculture, the DNA
of which has been modified using genetic engineering techniques. In most
cases, the aim is to introduce a new trait to the plant which does not occur nat-
urally in the species. Examples in food crops include resistance to certain pests,
diseases, or environmental conditions, reduction of spoilage, or resistance to
chemical treatments (e.g., resistance to aherbicide), or improving the nutrient
profile of the crop. Examples in nonfood crops include production of pharma-
ceutical agents, biofuels, and other industrially useful goods, as well as biore-
mediation [29].

Genetically modified foods or GM foods, also known as genetically engineered
foods, are foods produced from organisms that have had changes introduced into
their DNA using the methods of genetic engineering. Genetic engineering tech-
niques allow for the introduction of new traits and have greater control over traits
than previous methods such as selective breeding and mutation breeding [30].

Commercial sale of genetically modified foods began in 1994, when Calgene
first marketed its unsuccessful Flavr Savr delayed-ripening tomato [31]. Most
food modifications have primarily focused on cash crops, such as soybean,
corn, canola, and cotton in high demand by farmers. GMCs have been engi-
neered for resistance to pathogens, herbicides and for better nutrient profiles.
GM livestock have been developed, although as of November 2013, none were
on the market [32].

It seems that there is no difference between GM crops and ordinary plant;
the only difference is that GM crops have an extra gene that makes them produce
many additional properties. Biologists have known how exterior genes can be
transplanted into a plant’s DNA so that it has some new features, such as anti-
removal characteristics of herbicides, resistance to plant virus, and pest resist-
ance. This gene can come from any life: bacteria, viruses, or insects. So, a crop
can be planted into a characteristic that is not e obtained by hybridization through
biological engineering technology, which will greatly promote the quality and
yield of crops.

The first GMC was tobacco which contains antibodies to antibiotics planted
in 1983, and the first marketed food came out in the United States ten years later.
In 1996, the tomato cake which was made from genetically modified tomato was
permitted to be sold in supermarkets. Genetically modified cattle and sheep, fish
and shrimp, foodstuff, vegetables, and fruits have been cultivated internation-
ally and have been put into market. The total number of GMCs in the world has
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increased by 40 times in the last seven years. Genetically modified organisms are
commonly plant, animal, and microbes, where plants are the most.

Papaya was genetically modified to resist the ringspot virus. “SunUp” is a
transgenic red-fleshed sunset papaya cultivar that is homozygous for the coat
protein gene PRSV; “Rainbow” is a yellow-fleshed F1 hybrid developed by cross-
ing “SunUp” and nontransgenic yellow-fleshed “Kapoho.”. The New York Times
stated, “In the early 1990s, Hawaii’s papaya industry was facing disaster because
of the deadly papaya ringspot virus. Its single-handed savior was a breed engi-
neered to be resistant to the virus. Without it, the state’s papaya industry would
have collapsed. Today, 80% of Hawaiian papaya is genetically engineered, and
there is still no conventional or organic method to control ringspot virus” [33].
The GM cultivar was approved in 1998 [34]. In China, a transgenic PRSV-resist-
ant papaya was developed by South China Agricultural University and was first
approved for commercial planting in 2006; as of 2012, 95% of the papaya grown
in Guangdong province and 40% of the papaya grown in Hainan province were
genetically modified [35].

1) Genetically modified insect-resistant plants

Transferring insecticidal genes of bacteria to crops can make crops have insec-

ticidal feature. At present, in genetically modified insect-resistant plants, the

most widely used is Bacillus thuringiensis toxin protein gene, abbreviated as

Bt gene. Genetically modified soybean, cotton, and potato with insect resist-

ance have been developed and applied in America. The cultivated genetically

modified Bt cotton were not only having strong resistance to Lepidoptera
pests, but also had no negative effects on the yield and fiber qualities. Some
properties are even better than those of their parents.

The extensive researches of modification of Bt ICP (insecticidal crystal
protein), construction of expression vector, transformation of tissue, cul-
tivation of insect resistant plants had been carried out and 50 different
transgenic plants had been obtained, such as anti-potato beetle potatoes,
anti-Lepidoptera tomatoes, anti-lepidopteran cotton, anti-lepidopteran, and
Coleoptera corn. The advantages of transgenic insect-resistant plants are
obvious. They can not only resist the harm of pests but also reduce the use
of pesticides, which further reduce the pesticide poisoning and the death of
natural enemies. So the transgenic crops protect the environment.

Cotton is one of important crops in China. The researches of transgenic
cotton have made a series of important achievements in insect resistance, her-
bicide resistance, disease resistance and, cotton fiber quality improvement.
Bt insecticidal gene was synthesized for the first time in Chinese Academy of
Agricultural Sciences Institute of Biotechnology in 1992. The gene was intro-
duced into the cotton plant to obtain GK series transgenic Bt cotton. Recom-
bining cowpea trypsin inhibitor gene (CpTI) and Bt gene, then putting them
into cotton, bivalent genetically modified (CpTI + Bt) SGK insect- resistant
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cotton is obtained. The toxin in Bt transgenic cotton can be expressed per-
sistently, put the cotton bollworm in high pressure of Bt toxic protein for the
whole cotton growing period, thus reducing the pesticide usage of about
60%, and the yield of transgenic insect cotton increased to an average of 10%
than that of the common cotton.
2) Genetically modified herbicide resistant plants

The effect of genetically modified herbicide is that it mainly lets crops obtain
or enhance the resistance genetic traits to herbicides through the transgenic
technology, and many excellent herbicides have been widely used to promote
the research and development of new herbicides.

Nearly 300 species of plants had been cultivated as anti-herbicide vari-
eties since 1998. The herbicides involved glyphosate, glufosinate, sulfon-
ylurea, imidazolinones, bromoxynil, 2,4-d, and so on. The commercialized
crops were corn, soybeans, wheat, rape, sugar beet, flax, tobacco, rice,
cotton, and so on. For example, anti-glyphosate corn developed by Monsanto
and anti-imidazoline wheat developed by Cyanamid and Agripro.

The use of genetically modified method is an effective way to improve
the trait of corn. A large number of herbicide-resistant transgenic corn
species appeared since 1988, and the introduced herbicide resistance genes
are glyphosate, glufosinate, glufosinate, 2,4-D, and sethoxydim, and a sig-
nificant progress has been acquired in herbicide resistant transgenic corn,
such as anti-glyphosate corn in Monsanto, anti-mimicolinone corn in Cya-
namid, anti-glyphosate corn in Agripro, and anti-sethoxydim corn in BASF.
As to anti-glyphosate corn, the mechanism is to inhibit the activities of
5-enolpyruvylshikimiate acid-3-phosphate in the synthesis of essential
amino acids, which can kill weeds. Shikimic acid is an important interme-
diate produced in the catalyzed process of enolpyruvylshikimate phosphate
synthase (EPSPS), which is sensitive to glyphosate resulting in EPSPS protein
over expression in anti-glyphosate herbicides crops.

6.2.3 Green Chemical Pesticides

1. Research area of green chemical pesticides

Chemical pesticide is a kind of chemical agent which has the functions of insecti-
cidal, bactericidal, virus killing, weeding, etc. According to the different targets,
chemical pesticides can be divided into insecticides, fungicides, and herbicides.
Chemical pesticide is still the main method to control pests and diseases due to
the characteristics of rapid effects, low consumption, and easy production. The
characteristics and requirements of green chemical pesticide are to target high
biological activities, which are nearly nontoxic to humans and animals, harmless
to natural enemies and pests, and easily degradable or low residue in nature.
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Figure 6.16: The structure of sulfonylureas.

2. Examples of the synthesis green chemical pesticides
1) Sulfonylurea herbicides

Sulfonylureas (see Figure 6.16) have been commercialized for weed control:
amidosulfuron, azimsulfuron, bensulfuron-methyl, chlorimuron-ethyl, eth-
oxysulfuron, flazasulfuron, flupyrsulfuron-methyl-sodium, halosulfuron-
methyl, imazosulfuron, nicosulfuron, oxasulfuron, primisulfuron-methyl,
pyrazosulfuron-ethyl, rimsulfuron, sulfometuron-methyl sulfosulfuron,
terbacil, bispyribac-sodium, cyclosulfamuron, and pyrithiobac-sodium
[36]. Nicosulfuron, triflusulfuron methyl [37], and chlorsulfuron are broad-
spectrum herbicides that kill plants, weeds, or pests by inhibiting the enzyme
acetol acetate synthase.

The first sulfonylurea herbicide, chlorsulfuron, was developed in DuPont
in 1982. After that a series of structures have been modified and developed.
Sulfonylurea herbicide has a high efficiency of weeding and the dosage is
about 10-100 g/km?, which is 100-1,000 times higher than the traditional
herbicide weeding. Sulfonylurea herbicide has low toxicity to animals; it is
not accumulated in the nontarget organisms, and can be degraded by chem-
ical and biological processes in soil. The structure of the sulfonylurea herbi-
cide is as follows:

The sulfonylurea herbicides act on the acetyl lactate synthase (ALS) in
plants, which is absorbed through the roots and leaves and conduction in
plantsis bidirectional. Duo to the inhibition of ALS, the synthesis of branched-
chain amino acids was inhibited, and the cell division was inhibited, which
led to the destruction of the normal growth of weeds. The herbicidal activity
was highly correlated with the inhibition of ALS inhibition. Owing to the lack
of a biosynthetic pathway of branched-chain amino acids (valine, leucine,
and isoleucine) in animals which is obtained from plant products, the safety
of sulfonylurea herbicides is high in animals because it inhibits the biosyn-
thesis of branched-chain amino acid.

3) Amino acid pesticide
Glyphosate (N-(phosphonomethyl)glycine, see Figure 6.17) is a broad-
spectrum systemic herbicide and crop desiccant. It is an organophosphorus
compound, specifically a phosphonate. It is used to kill weeds, especially
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Figure 6.17: The structure of glyphosate.

annual broadleaf weeds and grasses that compete with crops. It was dis-
covered to be an herbicide by Monsanto chemist John E. Franz in 1970.
Monsanto brought it to market in 1974 under the trade name Roundup,
and Monsanto’s last commercially relevant United States patent expired
in 2000.

Farmers quickly adopted glyphosate, especially after Monsanto intro-
duced glyphosate-resistant Roundup Ready crops, enabling farmers to kill
weeds without killing their crops. In 2007, glyphosate was the most used her-
bicide in the US agricultural sector and the second-most used in home and
garden (2,4-D being the most used), government and industry, and commerce.
By 2016 there was a 100-fold increase from the late 1970s in the frequency of
applications and volumes of glyphosate-based herbicides (GBHs) applied,
partly in response to the unprecedented global emergence and spread of
glyphosate-resistant weeds [38].

Glyphosate is absorbed through foliage, and minimally through roots
[39], and transported to growing points. It inhibits a plant enzyme involved
in the synthesis of three aromatic amino acids: tyrosine, tryptophan, and
phenylalanine. Therefore, it is effective only on actively growing plants and
is not effective as a pre-emergence herbicide. An increasing number of crops
have been genetically engineered to be tolerant of glyphosate (e.g., Roundup
Ready soybean, the first Roundup Ready crop, also created by Monsanto)
which allows farmers to use glyphosate as a post emergent herbicide against
weeds. The development of glyphosate resistance in weed species is emerg-
ing as a costly problem. While glyphosate and formulations such as Roundup
have been approved by regulatory bodies worldwide, concerns about their
effects on humans and the environment persist [40].

Fluoride pesticide

The number of N-containing heterocyclic compound is about 70% in highly
efficient pesticides, and the number of fluorine-containing compounds in
nitrogen-containing heterocyclic pesticides is nearly 70%.

Based on the theory of bioisosterism, the fluorine-containing pesticides
had been obtained instead of H, Cl, Br, CH,, and OCH; in the original struc-
tures with fluorine or fluorine groups (such as CF;, OCF;, OCHF,), such as
fungicides fluoroquinazolinone, instead of H atom with fluoride atom in
quinazolinone, or CH; with CF; in diphenyl ether herbicide, or H or Cl with F
or CF; in pyrethroid insecticide such as cypermethrin and fenvalerate.

The introduction of fluorine atom in the structure of pesticide will
increase the lipophilicity of compounds, and fluoride and hydrogen are not
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Figure 6.18: The preparation of glyphosate.

easily identified by the receptor resulting in irreversible inactivation of the
receptors, or even prevent the metabolism of organisms. So, the bioactivities
were higher than the corresponding fluorine free compound.

Cyhalothrin (see Figure 6.18) is an organic compound that is used as a
pesticide [41]. It is a pyrethroid, a class of man-made insecticides that mimic
the structure and insecticidal properties of the naturally occurring insecti-
cide pyrethrum which comes from the flowers of Chrysanthemum. Synthetic
pyrethroids, like lambda-cyhalothrin, are often preferred as an active ingre-
dient in insecticides because they remain effective for longer periods of time.
It is a colorless solid, although samples can appear beige, with a mild odor.
It has a low water solubility and is nonvolatile. It is used to control insects in
cotton crops [42].

6.2.4 Green Pesticide Preparations

Generally, pesticides cannot be used directly; it must be prepared from various
types of formulations and be used. Usually the pesticide preparations are processed
by the original pesticide and additives. Pesticide additives are mainly carriers and
surfactants. The carrier of liquid pesticide preparation is mostly with aromatic
hydrocarbon as organic solvent, and solid pesticide formulations of the carrier is
mainly porous material with large specific surface. Pesticide preparation needs to
add surfactants to play the role of emulsification, dispersion, adhesion, wetting,
penetration, etc.

The new research area of pesticide formulation is water-based, ultramicro, dust-
free, and controlled-release. Due to the toxic aromatic solvents, the pesticide formu-
lations are no longer registered using toluene and xylene as solvent. In the design
of green pesticide formulation, it is necessary to take into account the wetting, dis-
persing, enhancing spreading, and improving the efficacy of the surfactant, as well
as the sustainable development. Therefore, many natural or botanical surfactants
(alkyl glucoside, sorbitol ester, plant source surfactant) are gradually replacing the
mineral surfactants. Environmental-friendly pesticide formulations include aqueous
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formulations, particulate formulations, high concentration butter, a high content of
powder preparation, vegetable oil suspension agent, etc.

1.

Microemulsion of pesticides

Microemulsion pesticide is a kind of liquid pesticide produced by liquid or
solvent, which is dispersed in water by 10-100 nm particles under the action of
surfactant such as emulsifier and dispersant. Microemulsion does not contain
or contain a small amount of organic solvents. A mixture of nonionic surfactant
or nonionic surfactant and anionic surfactant is added in the microemulsion
without or containing a small amount of organic solvent. Microemulsion in the
appearance of a transparent or translucent homogeneous system looks like the
real solution; in fact, it is essentially oil dispersed in water emulsion. Compared
with other dosage forms, microemulsion has the advantages of good stability,
good adhesion, strong penetration, high safety, and high efficiency.

Microemulsion can prevent harm to the human body and the environment,
as well as improve the efficacy of pesticides. So it is regarded as green pesticide
formulations. The research on the microemulsions of organophosphorus pesti-
cides such as malathion, parathion, diazinon, and phorate was carried out in the
United States and Japan, and the thermal stability of the active component was
disposed.

Microcapsule of pesticides

Microcapsule is a new pesticide formulation which packs the pesticide active
component in polymer bag, the particle size of the capsule is about several
microns to several hundred microns. When the microcapsules are spread on
fields or exposed to the insects surface, the capsule breaks, dissolves, hydrolyzes,
or spreads through the wall, then the encapsulated pesticide is released slowly,
which prolongs the drug residue life, reduces the frequency of spraying, and
reduces environmental pollution.

A modified spinosad has been synthesized in Clarke Company, which is effec-
tive for killing mosquito larvae. Spinosad is a kind of environmental safe insec-
ticide but unstable in water, which limited its application and is ineffective for
killing the larvae of mosquito in water. Clarke developed a method of embedding
spinosad in gypsum matrix, so that the spinosad can release slowly into the water
to control mosquito larvae effectively. The efficacy of the larvicide is 2-10 times
higher than that of the traditional insecticide and the toxicity is 15 times less than
organic phosphorus compounds. In addition, it leaves no residue in the environ-
ment and is nontoxic to wild animals.

The substrate of the microcapsules is gypsum which is formed by water-
insoluble calcium sulfate and water. By adding different amount of hydrophilic
polyvinyl alcohol, the release time of pesticides can be adjusted. Polyvinyl
alcohol dissolves slowly, exposing the pesticide and calcium sulfate to water, and
calcium sulfate absorbs water to form gypsum and releases the pesticide. Due to
the achievement, Clarke received the Green Chemicals Award of 2010.
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6.3 Green Functional Materials

6.3.1 Polyaniline Materials

Polyaniline (PANI, see Figure 6.19) is a conducting polymer of the semi-flexible rod
polymer family. Although the compound itself was discovered over 150 years ago,
only since the early 1980s polyaniline has captured the intense attention of the scien-
tific community. This interest is due to the rediscovery of high electrical conductivity.
Among the family of conducting polymers and organic semiconductors, polyaniline
has many attractive processing properties. Because of its rich chemistry, polyaniline
is one of the most studied conducting polymers in the past 50 years [43].

Polyaniline was prepared by oxidation polymerization of aniline by chemical
oxidation or electrochemical anodization. The most extensive oxidation system is
persulfate system. In the medium of strong acidic solution, aniline reacts in a “head-
to-tail” connection to obtain a polymer production with conductivity and electro-
chemical activity, the kind of anion in the solution, the reaction temperature, the
concentration of aniline, and the reaction environment will have impacts on aniline
polymerization. In the preparation of polyaniline using electrochemical methods, the
product structure and performance also depend on the electrode material and surface
morphology [44].

Electrochemical anodic oxidation reaction requires selecting an appropriate elec-
trochemical condition in the electrolytic solution containing aniline. In the electro-
Iytic cell which contains sand core, the platinum electrode of 1 cm x 1 cm is used as the
electrode and the graphite rod is used as the auxiliary electrode and controls the plat-
inum potential at 0.8 V and the aniline will polymerize in an acidic aqueous solution.

The oxidative polymerization of aniline occurred on the anode and is deposited
on the electrode surface to form powder. The reaction process follows the electro-
chemical->chemical->electrochemical mechanism. The commonly used oxidation
system is a persulfate, such as aluminum persulfate. The oxidative polymerization of
aniline is processed in accordance with the principle of free radicals.

Polyaniline conductive material can show many unique advantages such as
mechanics, electrical and optical properties, and also great potential properties in anti-
static, electromagnetic shielding, electrode materials, and antifouling anticorrosive
coatings. Polyaniline has not only good conductivity and electrochemical properties but
also good environmental stability, unique optical and catalytic properties, and electro-
chromic properties. The application of polyaniline is very extensive, such as secondary

OO OO,

Figure 6.19: The structure of polyaniline.
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lithium battery, electrochromic devices, sensor for a volatile organic compounds, anti-
static packaging materials, light emitting diodes, and gas separation film [45].

6.3.2 Graphene

Graphene is a new kind of two-dimensional materials with carbon atoms tightly
packed into honeycomb lattice structure. It is a planar thin film composed of six
corners of a honeycomb lattice by carbon atoms with sp2 hybrid orbitals. Graphene
has been once considered as a hypothetical structure, cannot exist independently.
Until 2004, physicist Andre Geim and Konstantin Novoselov Sholov have successfully
isolated graphene from graphite in the University of Manchester; the excellent elec-
trical, optical and mechanical properties have attracted many attentions, and the two
men have won the Nobel Prize in Physics in 2010 for their “pioneering work on 2D
graphene materials” [46].

Graphene is currently the thinnest but also the most hard nano materials in the
world, the thermal conductivity is higher than that of carbon nanotubes and dia-
monds. Studies show that as graphene has high conductivity, it is the smallest resis-
tivity material in the world under room temperature. Its electron transfer is extremely
fast and be expected to develop a kind of thinner, faster-conductive, new-generation
electronic components, or transistors. Graphene is essentially a transparent, good
conductor, also suitable for the production of transparent touch screen, light plate,
and even solar cells [47].

1. Structures of graphene

Graphene is a crystalline allotrope of carbon with 2-dimensional properties. Its

carbon atoms are densely packed in a regular atomic-scale chicken wire (hex-

agonal) pattern [48]. It can be bent into zero dimensional (OD) fullerene, curled
one-dimensional (1D) carbon nanotubes, or stacked into three-dimensional
graphite. Therefore, graphene is the basic unit of other graphite materials.

The basic structure of graphene is the most stable six-membered ring of
benzene in organic structure which is the most optimal two-dimensional nano-
material. The ideal graphene structure is a planar hexagonal lattice, which can
be regarded as a layer of exfoliated graphite molecules, where each carbon atom
is sp2 hybrid, and contributes a residual p orbital electron for the formation of
large m bond, electrons in the large t bond can move freely endowing graphene
a good electrical conductivity. The two-dimensional graphene structure can be
viewed as the basic unit of the formation of all sp2 hybrid carbonaceous materials
(Figure 6.20).

2. Physical properties of graphene
Graphene is one of the strong materials in the world, harder than the diamond
and the strength is 100 times higher than the best steel. If physicists produce a
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Figure 6.20: The structure of graphene.

king of graphene with the thickness equivalent to ordinary plastic food packag-
ing bag (thickness of about 1 million nm), it needs almost 2 x 10*N pressure for
breaking it. In other words, if the bag is made of graphene, it will be able to carry
about 2 tons of goods [49].

Graphene is the best conductive material in the world, the electrons can move
efficiently in graphene, while for conventional semiconductors and conductors,
such as silicon and copper, the conductivity are not better than graphene. Due to
the collision of electrons and atoms, the traditional semiconductor and conductor
release some energy in the form of heat, but graphene is different; the electrons
don’t loss energy, which makes them have an excellent electrical characteristics.
Applications of Graphene
1) Application in nanoelectronic devices

Geim and Kim found that graphene had 10 times higher carrier mobility

(about 10 amps/Vs) than commercial silicon devices in 2005, which is hardly

affected by temperature, doping, showing ballistic transport properties of

sub-micron scale at room temperature (up to 0.3 K under 300 m), demon-
strating prominent advantage as a nanoelectronic device of graphene, and
making the room temperature ballistic effect transistor which is more attrac-

tive in the field of electronic engineering become possible [50].

Larger fermi velocity and low contact resistance will help to further
reduce the switching time of the device, and the super high frequency operat-
ing response characteristic is another significant advantage of the graphene
based electronic devices. In addition, the scale of graphene reduced to nano-
scale or even a single benzene ring also maintains good stability and elec-
trical properties, which make it possible to explore single-electron devices.

2) Solar cells
By covering graphene on the surface of traditional single crystal silicon, it is
found that the crystal silicon has an excellent photoelectric performance. As a
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simple solar cell model, the photoelectric conversion efficiency can reach more
than 10% after being optimized by graphene. The graphene-silicon model can
be further extended to the structure of graphene and other semiconducting
materials. This model, which can combine graphene with traditional materi-
als, plays an important role in the practical application of graphene [51].
3) Photon sensor

Graphene can also be the appearance of photon sensors; this sensor is used
to detect the information carried in the fiber. Up to now, the role has been
played by the silicon, but the silicon era seems to end. In 2012, a research
team at IBM revealed for the first time their graphene photodetectors,
graphene-based solar cells, and liquid crystal displays. Because graphene is
transparent, an electric panel manufactured therewith has a superior light
transmittance than other materials.

A graphene/n-type silicon heterojunction has been demonstrated to
exhibit strong rectifying behavior and high photoresponsivity. By introduc-
ing a thin interfacial oxide layer, the dark current of graphene/n-Si hetero-
junction has been reduced by two orders of magnitude at zero bias. At room
temperature, the graphene/n-Si photodetector with interfacial oxide exhibits
a specific detectivity up to 5.77 x 10" cm Hz 1/2 W? at the peak wavelength
of 890 nm in vacuum. In addition, the improved graphene/n-Si heterojunc-
tion photodetectors possess high responsivity of 0.73 A/W and high photo-
to-dark current ratio of ~10”. These results demonstrate that graphene/Si
heterojunction with interfacial oxide is promising for the development of
high detectivity photodetectors [52].

4. Preparation of graphene

There are many methods for the preparation of graphene such as mechanical
stripping, chemical vapor deposition, oxidation-reduction, organic synthesis,
and carbon nanotube stripping. In 2004, Geim obtained single layer graphene
using micro mechanical stripping method from highly oriented pyrolytic graphite
for the first time. Through this method high quality graphene can be prepared,
but it has the defects of low yield and high cost, and it cannot meet the require-
ments of industrialization.

Chemical vapor deposition (CVD) is a chemical process used to produce high
quality, high performance, solid materials deposited on a heated solid substrate
surface. The process is often used in the semiconductor industry to produce thin
films. High quality and large area graphene can be prepared by CVD method.
CVD method can meet the requirement of large-scale preparation of high quality
graphene, but the cost is higher and the process is complex [53].

Oxidation-reduction process is one of the best methods for preparing
graphene with low cost and wild conditions. The process oxides natural graphite
with strong acid and oxidizing agents to graphite oxide (GO), then reduced by
reducing agent to remove oxygen groups of graphene on the surface [54].
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The high-quality graphene is obtained by the reduction of graphite oxide
using environmental-friendly reductant VC or sodium citrate to avoid environ-
mental pollution and reduce the use of chemical reagent [55].

6.4 Green Electronic Chemicals

Electronic chemicals usually refer to special fine chemicals in supporting electronics
industry. The main products include packaging materials, photoresist, super pure chem-
ical reagents, specialty gases, silicon wafer polishing material matched for integrated
circuits, substrate resin, resist dry film and cleaning agent matched for printed circuit
boards, liquid crystal, polarizing plate matched for liquid crystal display, and so on. Elec-
tronic chemicals have strict quality requirements on the cleanliness of environmental
requirements, packaging, transportation, and storage. The product replacement is fast,
the investment is high, the research is difficult, and the products are high value-added.

6.4.1 Photoresist

The radiation anticorrosion additive (photoresist) refers to an anticorrosion thin film
material that changes its solubility by irradiation or irradiation with UV light, elec-
tron beams, excimer laser beams (KrF248 nm and ArF193 nm), X-rays, and ion beams.
A positive resist is increased by exposure and development, and a negative-type pho-
toresist is reduced by solubility [56].

The main varieties of photoresist are polyvinyl alcohol cinnamic acid ester gum,
polyethylene terephthalate malonic acid ethylene glycol polyester rubber, cyclized
rubber-type purchase glue (equivalent to OMR-83 plastic), and diazonaphthoquinone
sulfonyl chloride as sensitizer, the main body of the UV-positive photoresist. UV-negative
plastic has been made in China; UV glue can meet the 2 pm process requirements, deep
UV-positive and -negative plastic (polymethyl isopropenyl ketone, chloromethyl poly-
styrene, resolution 0.5-0.3 pm). Electron beam is poly(methyl methacrylate-glycidyl
methacrylate-co-ethyl acrylate) (resolution 0.25-0.1 um) and x-ray positive gel (poly-
butylene sulfone-poly (1,2-dichloroacrylic acid). Resolution is 0.2 pum.

In order to meet the requirements of submicron graphics processing technology
in microelectronics industry, in addition to the near UV (g-line, 436 nm), the far UV
(i-line, 365 nm), excimer laser beam (KrF 248 nm and ArF 193 nm), electron beam,
X-ray, and ion beam and etc. are also applied in the development of new radiation
resistant materials. The developed materials are called UV engraved rubber (UV pos-
itive photoresist, ultraviolet negative photoresist), carved deep UV glue, X-ray beam
glue, ion beam glue et al., respectively. Current emphasis are focused on the develop-
ment of i-line photoresist and electron beam chemically amplified resist (CAR) glue.
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CAR is based on poly (4-hydroxystyrenes) as the optimal chemical platform,
adding the appropriate photoacid generator, cross-linker, and other components. In
the radiation source exposure, the photochemical gain is up to 10>-10%, by which CAR
can achieve a high sensitivity (1-50 mJ/cm?), and get high-precision graphics.

In recent years, photoresist in the microelectronics industry has another new type
of use that is the use of photosensitive media materials for multi-chip components
(MCM). MCM technology can significantly reduce the size of the electronic system,
reduce its weight, and improve its reliability. MCM technology has been widely used
in advanced military electronic and aerospace electronic equipment in abroad. In
the middle of 1990s, BCB (styrene-propylene) is a unique thermosetting resin. BCB is
mainly used for MCM processing and IC Ga/As interconnection, its dielectric constant
has reached 2.65; It is better than polyimide dielectric material, and has a lower water
absorption, curing temperature, better flatness, heat resistance, and other character-
istics. Therefore, BCB is considered to be the second-generation silicon-based MCM
dielectric material after SiO, and polyimide [57].

6.4.2 Polyimide Materials

Polyimides (PI, see Figure 6.21) are a class of polymers with imide functional groups
in the molecular main chain structure, including aliphatic PI and aromatic PI. PI
is a polymer of imide monomers. Polyimides have been in mass production since
1955. With their high heat resistance, polyimides enjoy diverse applications in roles
demanding rugged organic materials, e.g., high-temperature fuel cells, displays, and
various military roles. A classic polyimide is Kapton, which is produced by condensa-
tion of pyromellitic dianhydride and 4,4 -oxydianiline [58].

Polyimides are often prepared by the condensation of two aromatic anhydride
and two aromatic amines. The polyamic acid precursor was obtained first and then
polyimide by imidization or cyclodehydration was obtained. Polyimide material is
heat stable polymer material with excellent properties. The synthesis process is as
shown in Figure 6.22.

Polyimides have excellent electrical properties and mechanical properties, high
thermal stability, thermal oxidation and chemical stability, thermal expansion coef-
ficient, good solvent resistance, dimensional stability and good processability, high
precision and easy molding of complex shape, and many other excellent properties,

0 0
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Figure 6.21: The structure of polyimides.
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Figure 6.22: The preparation of polyimides.

the product can be used for the preparation of high performance plastic products in
aerospace, electronics, nuclear power, communications, automobile, and other cut-
ting-edge technology field, and it has become the main material with good prospect
of development.

In the microelectronics industry, polyimide materials are mainly used in packag-
ing materials, in contact coating film, to brush the substrate and adhesive materials,
and in other aspects of the substrate. With the deepening of the traditional polyimide
modification work, many emerging technologies and industries continue to emerge.
Development of polyimide materials research has become a hot area.

6.4.3 Epoxy Molding Compound

Epoxy molding compound (EMC) is composed of epoxy resin and its curing agent
(phenolic resin) and other components of the molding powder. When kept under the
influence of heat it will cross-link curing into a thermosetting plastic; in the injection
molding process, it will package the semiconductor chip, give it a certain structure
shape, and make it become a semiconductor device. The method of plastic packaging
which is used to product transistors, integrated circuits (IC), large-scale integrated
circuits (LIC), very large-scale integrated circuits (VLIC), and other LICs have been
widely used and become mainstream in the domestic and foreign. The diagram of
curing reaction of epoxy resin and curing agent is as shown in Figure 6.23.

The epoxy-molding compound is composed of o-cresol formaldehyde epoxy
resin, linear phenolic resin, silica powder, accelerator, coupling agent, modifier, mold
release agent, flame retardant, and colorant. o-Cresol formaldehyde epoxy resin is
used as an adhesive, the curing agent is linear phenolic resin, with other components
in a certain proportion. Under the action of heat and curing accelerator, the epoxy
group of epoxy resin has a high reactivity. The solidified epoxy-molding compound
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Figure 6.23: The curing reaction of epoxy resin and curing agent.

has excellent adhesion, excellent electrical insulation properties, high mechanical
strength, heat resistance, good chemical corrosion resistance, low water absorption,
and low molding shrinkage.

According to the difference in packaging materials, electronic packaging materi-
als can be divided into plastic packaging, ceramic packaging, and metal packaging.
The latter two are airtight packaging, mainly used in aerospace, aviation, and military
fields, and plastic packaging is widely used in civilian field. Nowadays, 90% of the
semiconductor devices are packaged in plastic, and the plastic packaging materials
are more than 90% in epoxy resin, which indicate that epoxy-molding compound has
become an important support of the semiconductor industry.

6.4.4 Green Battery Materials

1. Lithium iron phosphate
Lithium iron phosphate, also known as LFP, is an inorganic compound with the
formula LiFePO,. It is a gray, red-gray, brown, or black solid that is insoluble in
water. The material has attracted attention as a candidate component of lithium
iron phosphate batteries, which are related to Li-ion batteries. It is targeted for
use in power tools, electric vehicles, and solar energy installations [59].

Most lithium batteries (Li-ion) used in 3C (computer, communication, con-
sumer electronics) products use cathodes of other lithium materials, such as
lithium cobalt oxide (LiCo0,), lithium manganese oxide (LiMn,0,), and lithium
nickel oxide (LiNiO,). The anodes are generally made of carbon. Lithium iron
phosphate exists naturally in the form of mineral triphylite, but such material
has insufficient purity for use in batteries.

Compared to the traditional cathode material of Li-ion secondary battery,
LiFePO, has a wider range of raw material sources, lower cost, and no environ-
mental pollution. Lithium iron phosphate is the most secure lithium-ion battery
cathode material, does not contain any harmful heavy metals. Iron lithium iron
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Figure 6.24: The crystal structure of lithium iron phosphate (LiFePO,).

phosphate crystal lattice is stable, under the condition of 100% DOD, it can charge

and discharge more than 2,000 times, which has good reversibility. Lithium iron

phosphate materials have high capacity, high discharge power, long cycle life, good

thermal stability, and high temperature performance advantages, has become the

powerful lithium-ion battery of choice for high-security cathode material.

1) The structure of LiFePO,
LiFePO, is a polyanionic lithium salt with olivine structure as shown in
Figure 6.24. The spatial position of Li ions, PO, tetrahedra, and FeO; octa-
hedra is shown in LiFePO, crystals. The crystal has a hexagonal compact
packing of oxygen atoms, the lithium atom and the iron atom are located
at the 4c and 4a positions of the oxygen octahedron respectively. LiO4 octa-
hedra in the (010) surface and the surrounding four FeO, octahedra are in a
co-edge way to form a zigzag-shaped plane. The phosphorus atom is located
in the 4C of the tetrahedral site, each PO, with a FeO¢ octahedron has a
common point, with another FeO; having a common edge and a common
point. Li* is in the 4a position to form a straight-line linear chain, parallel to
the c-axis, which makes Li* to be free from the embedded and embedded in
charge-discharge process. The covalent bond of P-O in LiFePO, crystal has
strong thermodynamic and kinetic stability during the charge-discharge
procedures.

2) Electrochemical properties of LiFePO,
LFP batteries have an operating voltage of 3.3 V, charge density of 170 mAh/g,
high power density, long cycle life, and stability at high temperatures. In
LiFePO,, lithium has +1 charge and iron has +2 charge balancing the 3-charge
for phosphate. Upon the removal of Li, the material converts to the ferric form
FePQ, [60].

The iron atom and 6 oxygen atoms form an octahedral coordination

sphere, described as FeO,, with the Fe ion at the center. The phosphate
groups, PO,, are tetrahedral. The three-dimensional framework is formed by
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the FeO, octahedra sharing O corners. Lithium ions reside within the octahe-
dral channels in a zigzag manner. In crystallography, this structure is thought
to belong to the P, space group of the orthorhombic crystal system. The
lattice constants are as follows: a = 6.008 A, b =10.334 A, and ¢ = 4.693 A. The
volume of the unit cell is 291.4 A.

In contrast to two traditional cathode materials LiMnO, and LiCoO,,
lithium ions of LiMPO, migrate in the lattice’s one-dimensional free volume.
During charge/discharge, the lithium ions are extracted concomitant with
oxidation of Fe:

LiFe(I)PO, - Fe(Il)PO, + Li* + e-
The process is reversible:
Fe(Il)PO, + Li* + e- - LiFe(I[)PO,

Extraction of lithium from LiFePO, produces FePO, with a similar struc-
ture. FePO, adopts a P, space group with a unit cell volume of 272.4,
only slightly smaller than its lithiated precursor. Extraction of lithium ions
reduces the lattice volume, as is the case with lithium oxides. LiMPO,’s
corner-shared FeO, octahedra are separated by the oxygen atoms of the
PO~ tetrahedra and cannot form a continuous FeO; network, and thus
reducing conductivity.

A nearly close-packed hexagonal array of oxides centers provides rela-
tively little free volume for Li* ions to migrate within. For this reason, the
ionic conductivity of Li* is relatively low at ambient temperate. The details of
the lithiation of FePO4 and the delithiation of LiFePO4 have been examined.
Two phases of the lithiated material are implicated [60, 61].

Although LFP has 25% less capacity than other lithium batteries due
to its material structure, it has 70% more than nickel-hydrogen batteries.
The major differences between LFP batteries and ordinary lithium batteries
are that LFP batteries do not have safety concerns such as overheating and
explosion, they have 4-5 times longer cycle lifetimes than the lithium batter-
ies, and 8 to 10 times higher discharge power than lithium batteries.

LFP batteries have drawbacks including, higher costs given less time on
the learning curve. The energy density is significantly lower than LiCoO,.
Lithium cobalt oxide has multiple disadvantages. It is one of the most expen-
sive components of traditional li-ion batteries. The cobalt in LiCoO, is listed
as a possible human carcinogen by IARC. LiCoO, can experience problems
with runaway overheating and outgassing, particularly in lithium polymer
battery packs. LFP batteries do not need the sophisticated charge monitoring
in traditional Li-ion, but still benefit from balance charging on a regular basis,
especially in repeated high-current discharge rate uses like electric-powered
flying model aircraft.

printed on 2/13/2023 6:03 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

194 — 6 Green technology in fine chemical industry

3)

One important advantage over other lithium-ion chemistries is thermal
and chemical stability, which improves battery safety. LiFePO4 is an intrinsi-
cally safer cathode material than LiCoO2 and manganese spinel. The Fe-P-0
bond is stronger than the Co—0 bond, so that when abused, (short-circuited,
overheated, etc.) the oxygen atoms are much harder to remove. This stabili-
zation of the redox energies also helps fast ion migration.

As lithium migrates out of the cathode in a LiCoO, cell, the CoO, under-
goes nonlinear expansion that affects the structural integrity of the cell. The
fully lithiated and unlithiated states of LiFePO, are structurally similar which
means that LiFePO, cells are more structurally stable than LiCoO, cells. No
lithium remains in the cathode of a fully charged LiFePO, cell — in a LiCoO,
cell, approximately 50% remains in the cathode. LiFePO, is highly resilient
during oxygen loss, which typically results in an exothermic reaction in other
lithium cells.

As a result, lithium iron phosphate cells are much harder to ignite in the
event of mishandling (especially during charge) although any fully charged
battery can only dissipate overcharge energy as heat. Therefore, failure of the
battery through misuse is still possible. It is commonly accepted that LiFePO4
battery does not decompose at high temperatures. The difference between
LFP and the LiPo battery cells commonly used in the aeromodelling hobby is
particularly notable.

Synthesis of LiFePO,

There are many methods for the preparation of LiFePO, for lithium ion bat-
teries, including: solid-phase synthesis, emulsion drying, sol-gel process,
solution coprecipitation, vapor phase deposition, electrochemical synthe-
sis, electron beam irradiation, microwave process, hydrothermal synthesis,
ultrasonic pyrolysis, and spray pyrolysis [62].

High-temperature solid-phase method is characterized by mixing the raw
materials according to the chemical ratio. In order to improve the homogene-
ity of mixing of the various materials, the raw material mixture should be
wet-milled in the presence of an organic solvent, or the raw material mixture
should be ball-milled in dry state under an inert gas atmosphere. The raw
material mixture after ball milling is decomposed into LiFePO, precursor by
heating in an inert atmosphere at 300-400 °C and then pressed into a ball
or into pieces, then the solid-phase reaction takes place at 600—800 °C in an
inert gas atmosphere to form LiFePQO,.

High-temperature solid-state method has disadvantages such as high cost
of raw materials, high technology, high energy consumption, equipment cor-
rosion, and so on. At present, the improvement of high-temperature solid-state
method mainly focuses on the influence of reaction materials on the electro-
chemical performance of LiFePO,, optimization of process parameters, in situ
surface coating process, or in situ doping structure modification process.
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Sol-gel method is the first preparation of the corresponding material
of the aqueous solution, in the presence of complexing agent and stabi-
lizer conditions, controlling of the reaction between the material solutions
forms a stable sol system. A solid gel is made by heating, adding electrolyte,
adding complexing agent, and destroying the stability of the sol. The olivine
structure of LiFePO, was prepared by heating the solid gel through one-step
heating or two steps. Sol-gel method has the shortcomings of high produc-
tion cost, long cycle time, and large-scale production difficulty.

The chemical coprecipitation method first coprecipitates the in-situ ele-
ments of each material into a solid-state mixture precursor in the form of
a plurality of insoluble compounds. Compared with the direct ball-milling
method, the coprecipitation method is used to coprecipitate the in-situ ele-
ments in each material in the form of coprecipitated insoluble compounds,
and the mixing degree is high. However, compared with the sol-gel method,
the coprecipitation method precursors in the various elements of the mixing
level are still less than molecular-level mixing.

The formation process of the coprecipitation mixture is a rapid reaction
process, and the production cycle of the precursors is short, which is suitable
for large-scale industrial production. The insoluble compounds of the respec-
tive elements in the coprecipitate mixture may be either inorganic or organic
compounds and are not only suitable for the ferrous iron compound material
but also for the trivalent iron compound raw material. It is no longer required
that all of the extraneous elements in the feed material must eventually
escape from the reaction system in the form of gaseous products, extending
the range of choice for the iron, phosphorus, and phosphonium containing
compounds. These extraneous ions do not affect the purity or structure of the
final product as long as the extraneous ions in these compounds can exist
in the solution in soluble state and can be separated from solid phase. Since
the process of preparation of the coprecipitated precursor does not require a
high-temperature heating process, this aspect reduces the energy consump-
tion and simplifies the production equipment. The preparation process of the
precursor is carried out in solution, and the oxidation of the ferrous iron does
not affect the purity of the final product, and the inert gas protective property
can be omitted; thus simplifying the process complexity.

Application of LiFePOQ, battery

LiFePO, battery will be widely used in many area such as large electric vehi-
cles: buses, electric cars, and hybrid vehicles; light electric vehicles: electric
bicycle, golf cart, small flat battery car, forklift, cleaning cars, and electric
wheelchairs; power tools: electric drills, saws, lawn mowers; remote control
cars, boats, aircraft toys, etc.; solar and wind power energy storage equip-
ment: UPS electric source and emergency lights, warning lights and Miner’s
lamp small medical equipment, portable instrument, etc.
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Lithium iron phosphate as a lithium battery material is developed
in recent years, the safety and cycle life is better than other materials:
Charge-discharge cycle life of up to 2,000 times, a single 30 V battery charg-
ing over-voltage does not burn, puncture no explosion. All those are also the
most important technical parameters of power battery. Large capacity lithi-
um-ion battery made by lithium iron phosphate cathode material is easier to
use in series connection. And it meets the needs of electric vehicles frequent
charge and discharge. It is a nontoxic and nonpolluting material. It has a
good and safe performance, wide range of raw material sources, cheap price,
and long service life as advantages. It is an ideal cathode material for the new
generation of lithium ion battery.

Lithium hexafluorophosphate

Lithium hexafluorophosphate is an inorganic compound with the formula LiPF6
widely used in lithium battery electrolyte, has good conductivity and electro-
chemical stability in power batteries, energy storage batteries, and other daily
batteries. LiPF; is an irreplaceable electrolyte for lithium-ion batteries because of
its conductivity, cost, safety, and environmental impact [63].

LiPF, is in white crystal or powder, the relative density is of 1.50, with
strong deliquescence and solubility in water, it is also soluble in low concen-
trations of methanol, ethanol, acetone, carbonates, and other organic solvents.
When in air or heating, LiPF, will be decomposed rapidly and will release PF;
and white smoke. At present, the preparation of LiPF, are mainly gas-solid
methods, hydrogen fluoride solvent methods, complex methods, and solution
methods.

1) Gas-solid method
In a nickel vessel, PF; gas and LiF solid were directly reacted to obtain solid
LiPF,. The reaction formula was [64]

PFs(g) + LiF(s) > LiPF¢(s)

The whole reaction is carried out under high temperature and high pressure
without solvent, but the reaction is insufficient and the yield is low, so it is
difficult to achieve large-scale production. In order to solve the problem, it
was proposed that HF gas is reacted with LiF solid to produce LiHF, solid,
then HF in Li-HF, is removed under reduced pressure at 600-700 °C to obtain
highly active porous LiF. And then LiF and PF; gas reacted at 200 °C to
produce LiPFq, the reaction equation is as follows:

HF(g) + LiF(s) - LiHF,(s)
LiHF, (s) - LiF (porous solid) + HF(g)
LiF (porous solid) + HF (g) - LiPF(s)

The purity of the product can be reached to 99.9%. Due to more production
steps and high cost, it is difficult to prepare homogeneous porous LiF during
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the reaction. Therefore, the application of gas-solid method is limited, and it

is difficult to produce large-scale continuous production.

Hydrogen fluoride solvent method

As PF;, LiFs are easy to dissolve in HF, so use HF solvent as a medium for

homogeneous reaction. The steps are as follows:

(1) LiF is dissolved in anhydrous HF to form LiF solution.

(2) PF; gas is blown into the solution so that LiF and PF; react to form LiPF,
solution; the solution was recrystallized by cooling to low-temperature,
filtered, and dried to obtain high purity LiPF6 crystals. The equation is
as follows:

PF;(g) + LiF (s) > LiPF, (s)

Since PF;is more expensive, cheaper PCl; is usually used as a raw mate-
rial, and the gaseous PCl; is reacted with HF to produce high purity PF;,
and then reacted with LiF dissolved in HF to produce LiPF,. The reaction
equation is as follows:

PCl; (s) + 5HF(g) > PF; (g) + 5 HCI(1)
PF;(g) + LiF(s) > LiPF,(s)

Another advantage of preparing PF; by reaction of PCl; with HF is that
the product PF; is gas, so the metal impurities are easily separated from
PCl; to obtain highly pure PF;. Use HF as solvent, the start materials HF
and PF; are highly corrosive; therefore, it is necessary for high material
quality requirements of the equipment and safety measures. In addi-
tion, the process needs to be carried out at low temperatures with larger
energy consumption. However, the reaction can be controlled easily
and high purity LiPF, products can be obtained after crystallization.
At present, the producing of LiPF, mainly employs anhydrous HF as
solvent in the industry.
Complexing method
LiF suspended in organic solvent reacted with PF;, and the resulting LiPF; dis-
solved immediately in the organic solvent to form stable complexes, promoting
the reaction to continue. At the end of the reaction, the unreacted LiF and other
impurities are insoluble in the organic solvent, so the content of impurities are
reduced. The organic solvent that can be used to form complexes with LiPF, is
mainly low carbon alkyl ethers, low carbon alkyl esters, and acetonitrile.

The advantage of using organic solvent as the medium is to avoid the
corrosion of the equipment; the price of organic solvent is cheap and easy
to obtain. The disadvantage is that the raw material PF; is easy to react with
the organic solvent to produce other impurities, and the complex formed by
LiPF, and organic solvent is difficult to decompose, which increases difficul-
ties in the subsequent purification and affects the final product purity [65].
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4) Solution method
The nonaqueous organic solvents commonly used in lithium ion battery
electrolytes include dimethyl carbonate, diethyl carbonate, ethyl methyl car-
bonate, and 1,2-dimethoxy- ethane.

By solution method, LiF is suspended in the organic solvent first, which
is used for the electrolyte of lithium ion battery, then blow the PF; gas into the
solution. In the gas—solid reaction, the product LiPF, can be dissolved in organic
solvent in time, so that the interface is continuously updated which improved
the reaction efficiency. The obtained solution is directly used as the electrolyte
of lithium ion battery. The reaction temperature is generally controlled between
—-40and 100 °C. If the temperature is low, the solvent will froze and cannot carry
out the reaction effectively; if the temperature is high, the solvent is easy to react
with PF;, resulting in the change of color and the increase of viscosity of the
solution. In general, the yield of the reaction is high and easy to be controlled.

Solution method avoids the use of highly corrosive anhydrous HF as
solvent, but the use of PF; still has a strong corrosive property, and it easily
reacts with the solvent to produce other impurities, affecting the product
purity. In addition, the use of pure LiPF; solids can be used to prepare dif-
ferent electrolyte according to the needs of customers, and the electrolyte
species is relatively simple when employing solution method, which also
limits the range of use of the product. Because of the requirements of high
temperature, anhydrous and oxygen free conditons in the production, the
manufactures of LiPF, faced with high difficulties in strong corrosion and
high purity demands. At present, only Japan and South Korea has achieved
large-scale production and built patent barriers [66].

Questions

1. Describe the connotation of green fine chemical industry briefly.

2. Briefly describe the application of catalytic technology in green chemical
pharmaceutics.

3. Describe the progress of green synthesis of anti-inflammatory and analgesic

ibuprofen.

Brief introduction of green biopharmaceutical technology and its principle.

Briefly describe the preparation process of L- tryptophan by enzymatic conversion.

6. Briefly describe the characteristics of supercritical fluid extraction technology in
the extraction of natural drugs.

7. Consult the literature and write out the molecular structure of the green antican-
cer drug taxol.

8. Briefly describe the characteristics of pesticide preparations and the direction of
green development.

v
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9. Briefly describe the development direction and trend of green pesticides.

10. Briefly describe the structural features of graphene and its green synthesis methods.
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7 Green technologies for intermediate
product synthesis

7.1 Introduction

Green chemical synthesis process emphasizes consciously applying the principles of

green chemistry in the process of chemical production and fully considering the effec-

tive use of resources and environmental protection. In other words, green chemical
synthesis process considers recycling energy and resources at the source of the che-
mical production and controlling the waste before the generation of pollution in the
various aspects of the process, such as the sources of energy, raw materials, process
technologies and equipment.

The characteristics of the green chemical synthesis process mainly reflect the fol-

lowing aspects [1]:

(1) It is better to use clean raw materials and energy. For example, none or less poi-
sonous and harmful materials, biomass raw materials, clean solvents and green
catalysts are always adopted in the process.

(2) Itis better to employ advanced and effective technologies in synthesis process in
order to reduce the rigor degree of the production process and improve the utili-
zation of energy and materials.

(3) Itis better to adopt the new reaction technology, the reaction and separation cou-
pling technology, the multiproducts integration technology in order to strengthen
the equipment production capacity, improve energy efficiency and reduce waste
emissions.

(4) The raw materials and the products should be greenization. For example, the
products can biodegrade as harmless materials after its application in order to
achieve sustainable production.

7.2 Green Technologies in Intermediate Product Synthesis

In this section, we choose 1,3-propanediol (PDO) as an important intermediate
product for green technologies in intermediate product synthesis to illustrate.

7.2.1 Application of PDO

PDO is an important chemical raw material to synthesize plasticizes, detergent, anti-
septic and emulsifying agent. In addition, it can also be used in the food, cosmetics

and pharmaceutical industries. Among these applications, the important applica-
tion is that monomer PDO can be used in the production of new polyester material

https://doi.org/10.1515/9783110479317-007
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polypropylene glycol terephthalate (PTT). PTT is a new type of polyester material,
which has the characteristics of excellent resilience, stain resistance, dirt resistance,
and so on. As a result, PPT is widely used in the carpet, engineering plastics, clothing
materials and other application fields. However, in practice, the application of PTT is
limited because of the high price of PDO. Then, the industrialized production of PDO
is the key for the production of PTT [2, 3].

The industrial production methods of PDO are divided into chemical synthesis
method and biosynthesis method, which are monopolized by Degussa Company of
Germany, Shell Company of America and DuPont Company of America. Among them,
epoxyethane carbonylation method (EO synthesis method) is used by Shell Company,
acrolein hydration hydrogenation method (AC synthesis method) is adopted by
Degussa Company and innovative microorganism fermentation (MF method) is
employed by DuPont Company.

1. AC synthesis method

AC synthesis method is mainly divided into two steps. The first step is the hyd-

ration reaction of acrolein to produce 3-hydroxypropyl aldehyde (HPA) with the

acidic catalyst, such as acidic ion exchange resin and acid molecular sieve [4-6].

The second step is the catalytic hydrogenation reaction of HPA to produce PDO

with Raney Ni catalyst. The reaction mechanism is shown as follows:

CH,=CHCHO + H,0 »> HOCH,CH,CHO (71)

HPA + H, > HOCH,CH,CH,OH (72)

The yield of PDO depends on the acrolein hydration reaction, and the quality of

the final product is determined by the hydrogenation effect of HPA. The key factor

of the two step reactions is the catalysts in the reaction.

1) Catalyst system
In the early research, the inorganic acid is used as catalyst in the acrolein
hydration reaction, which can result in a lower yield and lower selectivity of
PDO along with the occurrence of side reactions. Based on the principle of
not affecting the activity of the subsequent hydrogenation reaction catalyst,
the development of the new catalyst systems of acrolein hydration reaction
is shown as follows: using chelating ion exchange resin as catalyst, using
inorganic carrier-containing active center as catalyst and using acid/alkali
buffer system as catalyst.

2) Technological process
Based on the patent of Degussa Company, the production of PDO technolog-
ical process is shown in Figure 7.1.

The mixtures of acrolein and water are passed to the hydration reactor
that has two catalyst beds filled with sodium ion exchanger resin. There is an
exchange heater with cooling water between the two catalyst beds to remove
the reaction heat. After the reaction, the conversion of acrolein of 89.1% and
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the selectivity of HPA of 85.1% can be obtained. The product of the hydra-
tion reactor is preheated and then is pumped into acrolein circulating tower.
On the top of acrolein circulating tower, azeotrope of acrolein and water is
returned to the hydration reactor. At the bottom of acrolein circulating tower,
the discharge is forced to the pressure of 10 MPa and then mixes with the
fresh hydrogen and the circulated hydrogen with the same pressure. Subse-
quently, the mixture gas is introduced into the hydrogenation reactor with
two series of catalyst beds from the top to the bottom. In the two catalyst
beds, the height of first catalyst bed is about 85% of the total height, and
the temperature is maintained at 50 °C by using cooling water as the cooling
agent. Then the product from the first catalyst bed is preheated and then
into the second catalyst bed of the hydrogenation reactor under the reaction
temperature of 125 °C. After the above reaction process, HPA conversion and
PDO selectivity can be reached nearly 100%.

The product from the hydrogenation reactor is then introduced to the
gas-liquid separator to separate out excess hydrogen which is recycled in
the process, and the liquid product introduced the first dehydration tower.
Stream from the top of the first dehydration tower is cooled to water which is
almost reused in the system except a small part is discharged to the wastewa-
ter treatment system, and noncondensable gas from the top of the first dehy-
dration tower is discharged as fuel. The liquid from the bottom of the first
dehydration tower is sent to 1,3-PDO tower. PDO product can be obtained
from the top of 1,3-PDO tower; at the same time, 3,3’-oxybis-propanol and
acrolein polymer from the bottom of 1,3-PDO tower are put into the heavy
fraction removal tower. 3,3’-Oxybis-propanol can be obtained from the top
of the heavy fraction removal tower, and the heavy fraction can be obtained
from the bottom to be used as fuel. Then, 3,3’-oxybis-propanol is compressed
to 5.0 MPa and is mixed with the fresh and the recycled water to form 20.0%
mixture solution. Subsequently, the mixture solution is entered in the cra-
cking reactor filling dealuminated Y-type zeolite catalyst to conduct liquid
hydrolysis reaction under the reaction temperature of 250 °C. In the cracking
reactor, the conversion of 3,3’-oxyhis-propanol of 73.0% and the selectivity
of PDO of 72.0% can be obtained. The liquid product from the cracking
reactor is then being sent to the second dehydrating tower. Water from the
top of the second dehydrating tower is almost recycled in the system except
a small part is discharged to the wastewater treatment system. The liquid
mixtures of PDO from the bottom of the second dehydrating tower, unreacted
3,3’-oxybis-propanol and nonselective cracking products, are introduced to
PDO tower to recycle the product.

2. Epoxy ethane carbonylation method (EO synthesis method)
The raw materials of EO synthesis method are ethylene oxide and syngas, which
is easy to obtain and transport. EO synthesis method can result in lower hydroxyl
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content, a lower product cost price, a higher equipment investment and a rela-
tively difficult technology than that of AC synthesis method [7, 8]. Especially, the
preparation and the selection of the catalyst play the important roles in the indus-
trialization production of PDO. EO synthesis method is divided into the one-step
method and the two-step method.
1) Two-step method
The two-step method developed by Shell Company involves the following
steps. First of all, HPA can be obtained from the hydroformylation reaction
between epoxy ethane with CO and hydrogen. Then, PDO can be obtained
from the hydrogenation reaction of HPA over a fixed bed catalyst under
the reaction temperature of 100-200 °C and the pressure of 7.5-15.0 MPa.
Between the two steps, the hydroformylation reaction and the catalyst used
in the reaction are the key of EO synthesis method. Co-based catalyst in
industrialized production is proposed by Shell Company.
The principle of the two-step method is illustrated as follows:

CH,0CH, + CO + 2H, > HPA (7.3)

HPA + H, > HOCH,CH,CH,0H (74)

Catalyst Co,(CO); used in the hydroformylation reaction (7.3) is prepared
by the reaction between metallic cobalt salt and syngas using quaternary
ammonium salt as promoter and ethers as solvent. In eq. (7.3), the separa-
tion between the reaction product HPA and the catalyst is very easy due to
the use of ether solvent. As a result, the concentration of HPA of 35% can be
obtained with Co,(CO); catalyst. In addition, by controlling the content of
water and the concentration of HPA in the hydroformylation reaction, the
conversion of EO can reach 100% and the selectivity of HPA can be up to
90%. Furthermore, the circulation utilization rate of cobalt-based catalyst
can achieve 99.6% using water extraction technology of HPA, which can lead
to lower catalyst consumption.

According to the influence of self-condensation of HPA to reduce the yield
of PDO, a new patent put forward a new production process of PDO. In the
new production process, the first step is the production of 3-hydroxymethyl
propionate from EO and methanol, and the second step is the production of
PDO from the hydrogenation reaction of 3-hydroxymethyl propionate. In the
process, the selectivity and the activity of the hydrogenation reaction should
be improved. In fact, the two steps in the reaction can be combined in one step
by improvement of the catalyst, which is the origin of the one-step method.

2) One-step method
Compared with the process of two-step method, one-step method is the com-
bination of the carbonylation reaction of EO and the hydrogenation of HPA.
From the research, the catalyst and the catalyst promoter play important
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roles in one-step method. Under a certain reaction temperature and pres-
sure, the yields of PDO and HPA of 65-78% can be obtained by using Ru-P
complex as catalyst and water and a variety of acid as promoter; the selec-
tivity of PDO of above 73% can be obtained by using Rh-based catalyst and
triethanolamine as promoter; the conversion of EO of only 21-34% and the
selectivity of PDO of 85-90% can be obtained by using tert-P/carbonyl cobalt
composite catalyst and acetaldehyde is the main by-product; the yield of
PDO of 87.2% and non-HPA can be obtained by using Co-tertiary phosphorus
ligands-Ru complex as catalyst and its acid and metal salt catalytic system
as accelerator. Shell Company has been applied to a series of patent in the
production of PDO by one-step method.

The one-step method is carried out with a lot of improvement in new
bimetallic catalysts and the appropriate ligands in order to obtain a higher
yield of PDO by Shell Company. The one-step method of Shell Company is
shown in Figure 7.2.

In Figure 7.2, the mixtures of the fresh and the recycled EO is compressed
to 10.3 MPa and then is transported to the first section hydrogen formylation
reactor. In the first section hydrogen formylation reactor, under the action
of cobalt-ruthenium-phosphine and methylbenzene solvent, the mixed EO
conducted the contact reaction with the mixture of synthesis gas from the
second section hydrogen formylation reactor with H,/CO mole ratio of 1 by
adding hydrogen. The reaction heat is maintained at 90 °C by the way of
cooling water in the reactor jacket and the dish tube in the reactor.

The liquid product from the first section hydrogen formylation reactor is
cooled and introduced to the second section reactor. In the second section
hydrogen formylation reactor, the gas from the top is mainly compres-
sed to 10.3 MPa and mixed with the fresh synthesis gas except a few gas
is discharged as fuel, and then the mixed gas and the liquid product from
the first section is reacted in bubble contact. In the total hydrogen formyla-
tion reactor, the total residence time is about 3 h, and the reaction results
are the conversion of EO of 58.1% and the selectivity of PDO of 85.7%. The
liquid product from the upper part of the second section of reactor is decom-
pressed and entered into the cycling EO tower and then is cycled to the first
section hydrogen formylation reactor. The liquid product from the bottom
of the second section of reactor is sent to the light component separation
tower. The lighter component from the top of the light component separa-
tion tower is used as fuel, and the liquid from the bottom is cooled by the
cooling and freezing water and then is introduced to the extraction tower. In
the extraction tower with the cooling process water as extracting agent, the
roughing 1,3-PDO can be obtained from the bottom of the extraction tower
and then is introduced to the purification and refining process in order to
obtain the purification of 1,3-PDO product. The toluene-benzene solvent
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and the catalyst can be recycled from the top of the extraction tower, and
then are recycled to the first section hydrogen formylation reactor with the
supplements of the solvent and catalysts.

The roughing 1,3-PDO is entered into the ethanol azeotropic tower. In the
ethanol azeotropic tower, the azeotrope at the top is sent to the dehydrating
tower. Water and water carrying agent from the top of the dehydrating tower
is introduced to the water stripper, and the by-product ethanol from the
bottom of the dehydrating tower can be obtained. Water-carrying agent from
the top of the water stripper is recycled to the hydrating tower, and water
containing trace ethanol from the bottom of the water stripper is entered into
the residual azeotrope stripping tower. The azeotrope of residual ethanol
and water from the top of the residual azeotrope stripping tower is sent
back to the dehydrating tower, and water from the bottom of the residual
azeotrope stripping tower is sent back to PDO extraction tower as the process
water except part of water is discharged to the waste water treatment system.
The mixtures of 1,3-PDO, water, 1,2-PDO and impurities from the bottom of
the ethanol azeotropic tower are sent to the triple-effect evaporator to get
rid of water. The operation condition of the triple-effect evaporator is in a
reduced pressure to reduce the operation temperature and use of the steam
heat energy effectively. The dehydrated 1,3-PDO from the bottom of the third
evaporator is then introduced to the distillation process.

In the distillation process, the roughing 1,3-PDO is sent to the residual
HPA stripping tower to strip the residual HPA, which is recycled to the hydro-
gen formylation reactor. The liquid of the bottom of the residual HPA strip-
ping tower is sent to the glycols’ heavy component distillation tower, where
the glycol material can be obtained at the top and the heavy component can
be obtained at the bottom. Then, the heavy component is sent to burn and
recycle metal catalysts, and the glycol material is sent back to 1,3-PDO dis-
tillation tower. In PDO distillation tower, 1,2-PDO can be obtained at the top
and 1,3-PDO can be obtained at the bottom.

Compared with two-step method for production of 1,3-PDO, due to the
direct hydrogenation of HPA which has less stability generated from EO
carbonylation, one-step method has the characteristics of a higher yield of
product, a simplified production process and a lower production price. The
only downside is that it is difficult for the distillation of 1,3-PDO because of
high content of HPA in the liquid. Hence, in the production of high purity
1,3-PDO, aldehyde material from the decomposition of HPA plays a negative
effect on the quality of 1,3-PDO which leads to a lower viscosity and a poor
degree of color and luster for PPT polyester.

3. Microorganism fermentation (MF method)
MF is provided by DuPont Company of the United States, which is based on its
innovation biological engineering method [9, 10]. MF methods are divided into
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three ways based on the cooperation with Genencor Company: (1) 1,3-PDO can be

produced from glycerin disproportion reaction using intestinal bacteria as cata-

lyst; (2) 1,3-PDO can be obtained from genetic engineering bacteria using glucose

as substrate; and (3) 1,3-PDO can be obtained from corn syrup as raw material.

1) Microbial fermentation process with glycerol as raw material
The process of microbial fermentation is the process using glycerol as the
raw material to produce PDO with the nature of Kiebsiella pneumonia bacil-
lus and butyric acid Clostridium under anaerobic conditions. During the fer-
mentation process of bacteria, glycerol is consumed in two ways. One is that
glycerol is dehydrated to produce HPA with glycerol dehydration enzyme,
and then HPA is converted into PDO through reduction reaction. The other is
that the by-product can be obtained from glycerol with the function of dehy-
drogenase. Due to the consumption of glycerol for the growth and oxidation
metabolism of the bacteria, the conversion of glycerol to PDO is only 0.5%.
In addition, in order to get a purity of 99.9% PDO, a relativity complicated
production process should be adopted. As a result, the production price of
MF synthesis method is difficult to compete with the chemical synthesis
method. The microbial fermentation process using glycerol as the raw mate-
rial is shown in Figure 7.3. In the joint development technology of Institute
of Biological Science in Dalian University of Technology and PetroChina Jilin
Petrochemical Company, the production of PDO is adopted through Kieb-
siella fermentation with glycerol as raw material. During the production of
PDO pilot experiment, the purity of 99.0% and the yield of 85.0% PDO can be
obtained by using fermented alcohol sink pretreatment and the distillation,
and the quality of product PDO can meet the requirement of the polymeriz-
ation reaction of PPT.

2) Microbial fermentation process with glucose as raw material
In order to reduce the production price of PDO, microbial fermentation
process with glucose as raw material is proposed (see Figures 7.3 and 7.4).
The genetic engineering technology is used in one-step production techno-
logy of PDO from glucose. In the technology, the glycerol is converted from
glucose with Escherichia coli added Saccharomyces cerevisiae, and then PDO

Strain

Glycerol
— | Fermentation tank Separator —— = 1,3-PDO

)

Posttreatment

Figure 7.3: Microbial fermentation process using glycerol as raw material.
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Yeast Strain
Glucose
—— | Fermentation tank | Fermentation tank Il Separator ——— 1,3-PDO

Posttreatment

Figure 7.4: Microbial fermentation process with glucose as raw material.

can be obtained from glycerol with the existing citric acid coli and klebsiella
gene, which can improve the yield of PDO effectively. DuPont and Tate & Lyle
Cooperation Company in England verified this technology and the results
showed the technology succeeded in the production of PDO in 45.4 t/a pilot
plant founded in 2000. The results also demonstrate that the production
price of MF synthesis method with glucose has the obvious advantage than
that of chemical synthesis method.
Comparison of 1,3-PDO production methods
Compared with the MF synthesis method, the chemical synthesis of EO and AC syn-
thesis method has industrialized the production of PDO due to the mature and fea-
sible of the technology. Between EO and AC synthesis method, EO synthesis method
uses ethylene oxide as raw material or the cheap syngas and ethylene, which can
result in a lower production price. However, EO synthesis method has the disadvan-
tages of a higher equipment investment and a relativity difficult technology, espe-
cially the preparation of the catalyst. AC synthesis method uses propylene as raw
material to produce PDO, and as a result, the production price is relativity higher
than that of EO synthesis method, and has the advantages of a relatively mild reac-
tion condition, a relatively easy technology development and a very mature tech-
nology. In the above two methods, the product is mainly PDO and the by-product
1,2-propylene glycol and its dimer and trimer; as a result, there is a difficult separa-
tion and purification in the products. MF synthesis method is the method of genetic
engineering bacteria production based on the gene recombination technology which
used biomass as raw material, and has the advantages of an abundant resource, a
regenerate raw material and nonpollution. Compared with the chemical synthesis
methods, MF synthesis method has the advantages of a mild reaction condition, an
easy operation, less by-products and green and environmental protection.

7.3 Green Technologies in Typical Product Synthesis

In this section, we choose the production of H,0, as a typical green production process
to illustrate.
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Hydrogen peroxide is a multipurpose green oxidant and the traditional production
is mainly by anthraquinone method. In practice, anthraquinone method has the advan-
tage of the mature technology, but it also has the disadvantages of complex process,
higher equipment investment, higher production price and pollution to the environment.
Then, the new technologies are proposed for the production of hydrogen peroxide [11].
1. Oxyhydrogen direct synthesis method

It is a typical atom economy reaction for direct synthesis of hydrogen peroxide

from hydrogen and oxygen. The production process is simple, cleaning, low pro-

duction cost [12, 13]. And the important thing of the production process is the
choice of the suitable catalyst.

In the process of direct synthesis of hydrogen peroxide from hydrogen and
oxygen, the possible reactions are as follows:

H,+0,> H,0,(1) AG%s = -120.4 kJ/mol (7.5)
H, + % 0,>H,0,(1) AG%g = -237.2kJ/mol (7.6)
H,0,()>H,0(Q) + % 0, AG%g = -116.8 kJ/mol 7.7)

HZ 02 (1) + H29 2H2 0 (1) AGgggk = _354.0 1(]/m01 (7.8)

The catalysts adopted by the reactions are listed as eqs (7.5-7.9) are different.
Some noble metal-loaded catalysts show the better catalytic performance in the
above reactions. The catalytic active in the reaction eqs (7.6-7.9) can be limited
by adding promoter in the catalyst to decrease the formation of by-products. The
common carriers of the above catalysts are y-A1,0;, SiO,, C and so on.

In addition, in order to obtain a higher concentration of hydrogen peroxide,
the reaction is processed in the strong acidity and medium containing halogen
ions. Avoiding the corrosion of the reactor and the dissolution of the catalyst in
the acidity medium, the solid superacid carrier is used in the neutral or weak acid
medium reaction. The solid superacid carrier is composed of two kinds of metal
oxides or the metal oxide-loaded sulfuric acid. Figure 7.5 shows the production of
hydrogen peroxide in direct reaction from hydrogen and oxygen.

Circulated oxygen

Hydrogen

Air
4>| Air separation Reactor | Buffer tank }—»Hydrogen peroxide

Nitrogen\ Catalyst

Figure 7.5: Process of hydrogen peroxide in direct reaction.
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H,  [p=oooioiooopeetee-

—>

Figure 7.6: Diagram of membrane reactor in production
of hydrogen peroxide.

In direct synthesis reaction, the controlling step of the reaction is the mass trans-
fer process from the gas phase to the liquid phase of hydrogen; hence, it is advan-
tage for adding the concentration of hydrogen in the organic solvent. Except for
the traditional organic solvents, supercritical carbon dioxide is also a common
solvent in direct synthesis reaction due to the high solubility of hydrogen and
oxygen in supercritical carbon dioxide and a better mass transfer process.

The explosion limitation of hydrogen and oxygen is very wide and becomes
wider along with the increasing of pressure. Hence, the safety is one of the impor-
tant problems in designing the reactor. The fixed bed tubular reactor and the high
pressure reactor are the main reactors for the production of hydrogen peroxide
in the production. Membrane reactor is a safer reactor than the others because
the alloy membrane in the reactor can separate hydrogen from oxygen to avoid
the generation of explosive mixtures and to improve the safety of the production.
In addition, the conversion of hydrogen of 100% can be obtained safely in mem-
brane reactor, and the selectivity of hydrogen peroxide can be greatly improved.
The diagram of the membrane reactor is shown in Figure 7.6.

In recent years, in the research of direct synthesis method for the production
of hydrogen peroxide using hydrogen and oxygen as raw materials, the improve-
ment is mainly focused on the following three aspects [14-20]:

1) Improvement of catalysts

The researches on the catalysts include the composition and structure of cat-

alyst, the carrier and the promoter of catalysts, and the surface modification

methods, in order to improve the activity and selectivity of the catalyst.
2) Development of solvents and additives

The purposes of the researches of solvents and additives are on the improve-

ment of the generation rate of hydrogen peroxide and the stability of the
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catalyst. For example, it is better to adopt the mixture solvent of the lower
alcohol and water by adding a small amount of inorganic acid and halogen
as promoter.

3) Modification of the reaction system
In the production process, the security of operation is important. As a result,
the researches on the modification of the reaction system are most focused
on the development of the safety operation condition, such as controlling
the molar ratio of hydrogen and oxygen, using the selective permeability
organic or inorganic membrane device in the reactor, and so on.

Integration of direct synthesis of hydrogen peroxide and the production of
propylene epoxide
According to the stoichiometric ratio, in the catalytic production of propylene
epoxide from propene and hydrogen peroxide over TS-1 catalyst, the production
of 1.7 tons of propylene epoxide need to consume 1 ton hydrogen peroxide. In
addition, if the concentration of 30% commercialized hydrogen peroxide is used
in the reaction system, the problems, such as the purification of raw material,
storage, transportation, separation of water and high energy consumption of
distillation, can be generated in the production. Hence, the combination of the
production of hydrogen peroxide and the production of propylene epoxide is
developed in order to achieve the goals of decreasing production cost, saving
energy and reducing consumption.

1) Integration of the production of propylene epoxide by propylene ep-
oxidation and the production of hydrogen peroxide by anthraquinone
method
Integration of using methanol/water as extraction agent: methanol/water
solvent separated from the epoxidation process is used as the extraction
agent for extracting hydrogen peroxide, and then hydrogen peroxide can be
used for the integration of the epoxidation process. The integration process
can be illustrated in Figure 7.7.

In the production, alkyl anthraquinone dissolved in the appropriate
solvent can produce alkyl hydrogen anthraquinone in the hydrogenation
reactor, and then alkyl hydrogen anthraquinone is introduced in the oxi-
dation reactor, where it is mixed with the air and processed the oxidation
to produce hydrogen peroxide. Hydrogen peroxide can be extracted from
the oxidation liquid with methanol/water solvent in the extraction tower.
Soon afterward, the methanol/water solvent containing hydrogen peroxide
is sent to the epoxidation reactor and is reacted with propylene to produce
propylene epoxide with the action of TS-1 catalyst. The mixture from the
epoxidation reactor is then separated in the flash tank to obtain propylene,
and then the remaining part is distilled in the distillation tower. The product
propylene epoxide can be obtained from the top of the distillation tower. At
the bottom of the distillation tower, the mixture of methanol and water is
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C3H
3Ms CH;0H-H,0
PO
/}\ §
Epoxidation Flash Reduction Oxidation Extraction
reactor column reactor reactor column

H,0

0,

Figure 7.7: Integration of the production of hydrogen peroxide using methanol/water as
extraction agent.

0,
Extraction agent
Oxidation process Epoxidation process
0, Excessive extraction agent
0,
Addition of oxygen Separation process [ Propylene epoxide

H,0
Figure 7.8: Integration process of using water-soluble anthraquinone as working medium.

divided into three parts: the first part is introduced to the extraction tower
to extract hydrogen peroxide, the second part is recycled to the epoxidation
reactor and the third part is sent to the distillation tower to remove water
produced in the epoxidation.

2) Integration of using water-soluble anthraquinone as working medium
This integration is the improvement of the integration above. The integration
process is shown in Figure 7.8. In the integration process, first, anthraqui-
none sulfonic acid alkyl ammonium salt is dissolved in the methanol/water
solvent, and then is produced hydrogen anthraquinone sulfonic acid alkyl
ammonium salt through hydrogenation reaction. Compared with the inte-
gration process @, the integration process @ adopts methanol/water solvent
which is similar with that of the epoxidation of propylene; as a result, there
is no extraction process. In addition, due to a higher solubility in metha-
nol/water solvent of anthraquinone sulfonic acid alkyl ammonium and the
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addition of the water resistance hydrogenation catalyst, the structure dimen-
sions of hydrogenation reactor and oxidation reactor can be shrinked.

3. Catalysis process with manganese catalyst
The direct production of hydrogen peroxide with bivalent manganese ion as cat-
alyst was proposed by the Herefordshire University. In the production, raw mate-
rials are air and hydroxylamine, and the final products are hydrogen peroxide,
nitrogen and water. One of the advantages is that the reaction occurs in aqueous
solution which can produce hydrogen peroxide in situ production. In the reac-
tion, hydroxylamine and oxygen is converted to hydrogen peroxide, nitrogen and
water under the reaction temperature of 20 °C and pH value of 8 with bivalent
manganese ion exchange of montmorillonite as catalyst. As a result, the conver-
sion of hydrogen peroxide of 75% can be obtained in less than 1h. In practice, due
to the higher price of hydroxylamine, an alternative material should be found in
order to make the technology industrialized.

4. Vacuum enrichment method
The problem of the lower purification efficiency of hydrogen peroxide in direct
production can be solved by the patent of the production of hydrogen peroxide
proposed by Kvaerner Company. In the patent, the reaction of the mixture is
reacted in the organic solvent instead of water. When the reaction is conducted
the time that the content of hydrogen peroxide is just below the saturation of that
in the organic solvent, the mixture materials of the reaction are put into a vacuum
place to evaporate hydrogen peroxide. Then, the evaporated hydrogen peroxide
can be condensed into pure hydrogen peroxide with the quality of high concen-
tration and low production cost. Now, the project is under the development stage.

5. Discussion
The direct synthesis of hydrogen and oxygen to produce hydrogen peroxide is
a typical atom economy reaction. During the production process, there are no
damage products and by-products. But in the process, the safety is the important
problem. The integration of the production of hydrogen peroxide and the produc-
tion of propylene epoxide is the green chemical process, which pays attention on
the full use of the materials and energies. However, the choice and the recycled of
catalysts should pay more attention in order to guarantee a high yield of hydro-
gen peroxide and a low production cost.

7.4 Green Chemical Process

Green engineering refers to the engineering of the application of green chemistry
and green ecological industrial technology to achieve the green engineering. Green
engineering is the solution for the multiobjective optimization and combination pro-
blems including ecological balance with the point of view of system engineering. The
objective of green engineering is that raw materials should be completely converted
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into the objective products, and also the whole life cycle of production and the service
cycle of products should be safe, clean, efficient, pollution free and environment
friendly.

The aim of the chemical process is developed a whole life cycle of the chemical
process based on the principle of the green engineering. In other words, it should
be environmentally friendly in the production of product from raw materials, in the
process of usage and waste treatment, in the operation and the scrap cycle of the
equipments and devices, and in the production process.

During the development of green chemical engineering, on the one hand, it is
better to focus on the technology of green chemical engineering, such as the coupling
of chemical technology, physical field synergy, miniaturization of devices, integra-
tion systems, recycling technology of waste; on the other hand, it is better to con-
sider the development of renewable biomass resources utilization and integration
of new process and so on. In addition, it also established the ecological industrial
park, advocated green consumption, pursued the multiobjective of the environmen-
tal benefit, economic benefit and social benefit in order to meet the requirements of
sustainable development.

Questions

What is the core of the green chemical process?

What is the characteristic of the green chemical process?

How to improve the utilization ratio of atoms in the green chemical process?
What issues should be payed attention in the green chemical process?

What are the characteristics of green chemical process in the production process
of hydrogen peroxide?

6. What is the green engineering? What is the relationship between the green
engineering and the circular economy?

CAEFCE NS
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8 Green processes for carbon dioxide
resource utilization

8.1 Overview of Global Carbon Dioxide Emissions
8.1.1 The Source of Carbon Dioxide

Carbon dioxide is an abundantly available substance in nature. It mainly exists in
the gaseous form. Air contains about 0.03% of carbon dioxide. When carbon dioxide
dissolves in water, it forms carbonic acid and its salt; it also reacts with various sub-
stances to form some solids such as the mountain rock and pebbles in the bottom of
the sea.

It is estimated that the carbon present in the form of carbon dioxide on the earth,
around 10% tons, is ten times that of the carbon present in oil, coal and natural gas; in
addition, the potential resource of carbonate in nature is estimated to be up to 10 tons.

The main sources of carbon dioxide are respiration of animals and plants;
degradation and transformation of plant and animal bodies; and volcanic eruption
and fuel combustion, which have been one of the largest sources of carbon dioxide in
the recent 100 years, about 2.6 x 10'° tons of carbon dioxide emissions to the atmos-
phere each year, while thermal power contributes around 40% of global carbon
dioxide emissions. Other sources include cement production, vehicle exhaust and
other human activities.

In addition to being present in earth’s atmosphere, carbon dioxide is present in
the form of dry ice on the surface of Mars, the Moon, Jupiter and other stars, in greater
amounts than that of the earth’s atmosphere.

8.1.2 The Present Situation and the Trend of Global Carbon Dioxide Emissions

1. The status of emission of carbon dioxide around the world
In the past century, the global average temperature has increased by 0.6 °C since
the pre-industrial revolution, and the average temperature in most industrialized
European countries has increased by 0.9 °C [1, 2].

Based on the 2009 greenhouse gas emissions released by the British risk
assessment company, the top ten largest emitters are as follows. 1. China: the
emissions of carbon dioxide into the atmosphere every year are more than 6.0
x 10° tons, but per capita emissions are not much. 2. The United States: its emis-
sion is 5.9 x 10° tons, with per capita emissions of 19.58 tons per year, second
to Australia. 3. Russia: its carbon dioxide emissions every year surged to 1.7 x
10° tons. 4. India was 1.29 x 10° tons, of nearly 1.2 tons per capita emissions. 5.
Japan: annual carbon dioxide emissions have fallen to a bit of 1.247 x 10° tons.

https://doi.org/10.1515/9783110479317-008
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6. Germany: carbon dioxide emissions are 8.6 x 108 tons. 7. Canada, greenhouse
emissions each year is of 6.1 x 108tons. 8. The United Kingdom: greenhouse gas
emission is 5.86 x 10® tons in 2008, so the UK government issued and implemented
a climate-change bill which is the world’s first country for greenhouse gas emis-
sions legislation. 9. South Korea: annual greenhouse gas emission is 5.14 x 108
tons. 10. Iran: greenhouse gas emission is 4.71 x 108 tons.

8.2 The Separation and Fixing of CO,
8.2.1 The Properties of Carbon Dioxide

1. Physical properties
Under the normal temperature, carbon dioxide is a colorless, odorless gas; its
relative molecular mass is 44.01, and 1.5 times higher than that of air in the same
conditions. Some of the main physical properties are as follows [3].

Carbon dioxide has a melting point of 216.6 K, boiling point of —194.27 K, gas
density of 1.974 kg/m?, liquid density of 1,022 kg/m?, solid density of 1,565 kg/m?,
triple-point pressure and temperature of 0.518 MPa and 216.6 K, respectively, and
liquid surface tension of about 3.0 dyn/cm.

Liquid carbon dioxide and supercritical carbon dioxide can be used as a
solvent; CO, gas can be liquefied to liquid by pressured cooling. Liquid carbon
dioxide transformed to becomes a solid carbon dioxide (dry ice) by deep cooling.
When carbon dioxide is present in the environment in high concentrations, it can
cause serious physiological discomfort and even death.

2. Chemical properties
Carbon dioxide is chemically stable and dissolves in water to produce carbonic
acid, which is a weak acid. It also has weak oxidative capacity, and when it reacts
with metal, a flammable gas is produced.

8.2.2 Separation Technologies of CO,

Carbon dioxide separation is also called carbon dioxide capture and storage; it
refers to the process of separating carbon dioxide from the mixture of gases in the
fuel burning process, followed by compression, dehydration and transformation,
and finally sealing on the geological layer of the earth forever. Chemical absorption
method is a reaction of carbon dioxide with sorbent in an absorbing tower to generate
a weakly combined intermediate. Then the carbon dioxide-rich liquid is desorbed in
the tower to release carbon dioxide, and at the same time to regenerate the absor-
bent. The method of carbon dioxide capture, transportation and storage is shown in
Figure 8.1.
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Table 8.1: Key technologies for carbon dioxide separation.

Technologies Working Industrial application  Key problems in
pressure industrialization

Absorption Chemical (MEA) Pa=3.5-17.0 Extraction of CO,from  Energy consumption

kPa Nature gas (NG) and in the regeneration
Physical (cool, Pa 2525 kPa smoke effluent pretreatment of the other
methanol glycols) acidic gases during

optimization of the
regeneration

Adsorption Nonisopressure  High pressure  Separation of CO, Low adsorption capacity
adsorption from H, mixture, NG, Low selectivity
and smoke effluent;
Nonisothermal High pressure  separation of CO,from Low CO, purity
adsorption H, mixture and NG
Inorganic membrane High pressure  Separation of CO,from Smaller specific area of
(ceramic, Pd membrane) H, mixture and NG ceramic membrane
Polymer membrane High pressure Low selectivity to CO,and

membrane degradation

€O, purchase I O, cycling |<—|C02 compression|
CO, discharged to the air CO, separation l—»Crude oil

|

Solved in the fixed oil layer Fixed oil layer Co,
. CO?, crude oil
inwelling | — —_— well
Mobile oil reservoir
—_— —_—
Solved in the fixed oil layer Fixed oil layer

Figure 8.1: Concept representation for carbon dioxide capture, transportation and storage.

CO, separation technologies include absorption, adsorption, membrane separation
technology and membrane absorption. Characteristics of these methods are listed in
Table 8.1.
1. Absorption method
Absorption methods include both physical absorption and chemical absorption.
Physical absorption methods use the solubility difference of carbon dioxide
and other gases in the mixture in the same absorber to remove carbon dioxide from
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the mixture. Commonly used physical absorption methods in industries include
the flour method, rectisol method and selexol method. The choice of absorbent
is crucial, and the absorbers should possess the properties of higher solubility of
carbon dioxide, high selectivity to carbon dioxide, high boiling point, free corro-
sion and nontoxic and stable properties; usually, water, methanol and propene
carbonate are used as absorbents. Physical absorption method has the advantage
of less absorbent usage, low temperature and high absorption and absorbent
regeneration efficiency at normal temperature, usually in the process of low-
pressure adsorption or gas stripping with low energy consumption. This method is
applied in the case of separate gas mixture with higher partial pressure of carbon
dioxide with low removing yield of carbon dioxide. Typical flowchart of physical
absorption of carbon dioxide is shown in Figure 8.2.

Chemical absorption methods involve reacting the feed gas with a chemical
solvent in the absorption tower; carbon dioxide is absorbed in the solvent and a
carbon dioxide-rich liquid is formed, which enters into an adsorption tower and
carbon dioxide is released. The key step in this method involves accurately con-
trolling the temperature and pressure of the absorption and adsorption tower. Com-
monly used chemical absorbents include alcohol amine, steric hindrance amine
and carbonate aqueous solution with a concentration of less than 50% (when the
concentration is too high, serious corrosion can occur); using a variety of alcohol
amines can increase the absorption rate, alleviate corrosion, produce volatile prod-
ucts and reduce cost. A typical chemical absorption process is shown in Figure 8.3.
It is worth mentioning that ionic liquids are an important class of CO, absorbers.
Adsorption method
Adsorption methods use solid adsorbent (e.g., natural zeolite, activated carbon,
molecularsieve, activated alumina andsilica gel) toselectively and reversibly adsorb
CO,in the feed to recover carbon dioxide. The adsorbents adsorb carbon dioxide
at low temperature (or high pressure), which is released at higher temperature (or

Purified gas

Regeneration
tower

Absorber

Air or inner gas

Discharged gas
High-pressure flash
evaporation

Rich liquor

Low-pressure
evaporation

Figure 8.2: Typical flowchart of carbon dioxide physical absorption process.
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E~ Effluent
Purified gas Desorber
Lean liquor

Absorber

Reboiler

Raw gas

o Heat exchanger
Rich liquor

Figure 8.3: Typical flowchart of chemical absorption process.

low pressure); through periodic change of temperature (or pressure), the separa-
tion of carbon dioxide from other gases has been achieved. Chemical adsorption
generally needs more adsorption towers to be installed in parallel to ensure that
the whole process is continuous, and the key is the absorption capacity of the
adsorbent. Adsorption capacity of solid adsorbents depends on the temperature
and pressure of carbon dioxide; generally, the higher the CO, partial pressure and
the lower the temperature, the more of carbon dioxide is absorbed. Because there
is water vapor in exhaust gases, and water vapor will completely absorb with solid
absorbent carbon dioxide to reduce CO, adsorption capacity, microparticles will
enter the inner of adsorbent to deactivate the adsorbent. Based on these factors,
chemical adsorption is more competitive than physical adsorption.

Although there have been reports that molecular sieve, activated charcoal
and zeolite can help to achieve 100% CO,recovery, it is accomplished only under
the condition of no water vapor and microparticles. Further research should focus
on the new solid adsorbents with high selectivity and practical absorption capac-
ity of carbon dioxide.

Membrane separation

Membrane separation is the use of polymer films, such as acetic cellulose fiber,
polyimide, polysulfone membranes, with different gas permeability to separate
carbon dioxide from a gaseous mixture. The driving force in the membrane sep-
aration process is a pressure difference: when pressure difference exists on both
sides of a membrane, gas of high permeability will quickly pass through the mem-
brane to form permitted gas flow, while low-permeability gas stays largely in the
film inlet side to form residual gas; the two gas flows elute, respectively, so as to
achieve the separation.

When membrane separation is used to process high CO, concentration
mixture, no matter what kinds of film, except for high selectivity to CO,, largest
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CO, permeability is also expected. In addition, there still need to consider film
life, film cost of maintenance and replacement, etc.
4. The combination of membrane separation-absorption

The combination device of membrane separation—absorption is simple, lower
investment cost and low separation efficiency. The two together can complement
each other, the former conducts preseparation, the latter finished fine separa-
tion; this can achieve the goal of effective separation at low investment cost. For
example, Norway’s Statoil Company recovered CO, from natural gas, the original
system employed amine solution as absorbent, installing huge absorption tower.
After improvement, fluorine polymer membrane is used to proceed the pretreat-
ment, making the investment of the absorption tower, scrubbing tower reduce
70-75%, covering area of plants being reduced of 65%.

8.3 Chemical Conversion Principles of Carbon Dioxide
8.3.1 The Structure of Carbon Dioxide

Carbon atom in CO, molecule is in sp hybrid orbital bonding. The sp hybrid orbitals
in two carbon atoms, respectively, combined with two O atoms to form sigma bond.
The other two p orbitals unhybridized to C atoms are at right angles to the sp hybrid
orbitals, and overlapped side by side from the side with the oxygen p, respectively, to
generate two three-center, four-electron delocalization PI bond. The C=0 bond length
in CO, is 0.116 nm, between that of double and triple bonds, and closer to that of a
triple bond. The dipole distance of CO, is zero, which indicates that it has a linear
structure, 0=C=0. The CO, bond structure is shown in Figure 8.4.

8.3.2 CO, Activation Methods

1. The chemical activation
Free energy of carbon dioxide is very small, and it is a very stable compound; there-
fore, converting it into other compounds containing carbon is very difficult [4-8].

et eeeemseesesemseesesemmsenses e seneeseenens® Figure 8.4: Diagram of CO, bonding structure.
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Carbon dioxide can be converted into chemical raw materials, but, the key
problem is the activation of carbon dioxide by catalytic process.

The molecular structure of CO, is linear; the C/O bond length is shorter than
that of C=0 in ketone (0.122 nm), which is composed of the three regular structures:

0=C=0<>0'=C-0<>0-C=0"

From the CO, molecular structure, it is seen that the CO, molecule has two active
sites, namely a Lewis acid site (C) and Lewis base site (0), which gives rise to the
properties of electrophilicity and nucleophilicity in the activation reaction; This
gives hint that CO, activation catalyst can be searched from compounds which
can provide electrons or an empty orbital. By calculation, the first ionization
energy of CO,is of 13.79 eV, being very difficult to give electron and hard to form
CO;ion, but there is lower energy empty anti-bonding orbital in CO,, it is easily to
accept an electron to form a bending anion. Therefore, the most practicable way
to achieve CO, activation is to enter an electron in the antibonding orbital of CO,
to form a bending anion, making the C-0 bonding order in CO, molecule from 2
to 1.5, reducing the activation energy of carbon dioxide molecules.

The CO, activation catalyst systems include alkaline catalyst, heteropoly acid
catalyst, transition metal and rare earth metal catalysts. An inorganic alkaline
compound combined with Lewis acid site in CO, molecules to make a C—O bond
rupture of CO, and formed activated CO.. Its representation reaction is the synthe-
sis of dimethyl carbonate (DMC), with potassium hydroxide, magnesium oxide,
calcium oxide, halide potassium, potassium carbonate, sodium carbonate, potas-
sium hydroxide and sodium hydroxide, etc. as catalysts. The catalysis mechanism
of DMC synthesis is

Base + CH;0H - CH;0™ + H-Base
CH,0- + CO, » [CH;0C00]-
[CH,0COO0]- + CH,I - CH;0COOCH; + I
I"+ H-Base - HI + Base

HI + CH;0H - CH,I + H,0

In the process, CHsl is used as assistant catalyst to provide CH;I- that reacts with
hydrogen generated to form hydrogen iodide, and then it reacts with methanol to
form CH;l again, completing a catalytic cycle. The activity of sodium compounds is
far lower than that of the potassium compounds. Alkali strength enhancement can
decrease the reaction temperature, and increase the reaction rate, but the selec-
tivity is decreased. Moderate strength of alkali can improve catalytic activity, and
organic alkali works better than inorganic base does, but the activity sequence is
not consistent with alkaline strength.

In addition, research on the active adsorption of CO,on the surface of tran-
sition metal crystal has revealed dissociative adsorption of CO, on clean crystal
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state(l) state(ll) state(lll) states of CO, with metal.

Cu(110), Fe(110) and Ni(110) surface. The adsorption combination state of CO,
with metal may have three configurations (see Figure 8.5), with combinations of
II and III being easier.

A precursor of the CO2 may further dissociate occurred on the transition
metal surface, while oxidation occurs commonly in precious metal surface except
palladium.

From the above analysis, the transition metals can activate CO2 by donating
electron. if there exist at the same time a Lewis base, effective CO2 activation can
beachieved. Synergical effect can be displayed when transition metal composite
oxide is used; on the other hand, the crystal type of the catalyst has effect on its
activity.

Electrochemical activation

The study of electric catalytic activation of CO, has been carried out at room tem-
perature and atmospheric pressure with Pt as electrode and dialkyl imidazole,
alkaline compound and methanol as electrolytes. For example, the electrochem-
ical synthesis of DMC is accomplished with CH;OK as alkaline. During electro-
chemical activation, CO, is adsorbed on the cathode by the adsorption of K* in
the cathode; it obtains an electron from the electrode surface to give CO,, and
CO, reacts with methanol adsorbed on the electrode to generate CH;0CO*
and adsorbed KOH. This cation then combines with CH;0- to form DMC. The
adsorbed KOH further reacts with plenty of CH;OH to generate CH;0K, complet-
ing a catalytic cycle.

Light activation

In recent years, it has been proven that UV and visible light can break the thermo-
dynamic limit or improve thermodynamics. The photocatalytic synthesis of DMC
by methanol and CO, can enhance the activation of CO, and improve the yield of
DMC. With easy process control and excellent atom economy, and with contin-
uous-flow fixed bed reactor, the water formed can be removed simultaneously
to enhance the formation of DMC. The yield of DMC was thus increased by 57%.

8.4 Utilization Examples of Carbon Dioxide Resources

Carbon dioxide can be used as raw material to produce many inorganic and organic
chemical products. These products are used in almost all industries [9-15]. Chemical
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transformation of carbon dioxide can achieve the recycling of carbon dioxide, espe-
cially large-scale chemical production which consumed huge amount of carbon
dioxide, plays an important role in reducing emissions.

Energy-saving and emission reduction are building a new era of harmonious
ecology of mankind with nature. The green technology of carbon dioxide utilization
plays a key role in the goal. The introduction of carbon dioxide in chemical synthesis
is a very efficient approach. At present, with carbon dioxide as raw material, alcohol,
alkanes, esters, amines, polyesters, polyamines and other chemicals have been pre-
pared, while synthetic urea and sodium salicylate have been put into large-scale
industrial production. The products tree from carbon dioxide is shown in Figure 8.6.

8.4.1 Application of Carbon Dioxide in Inorganic Synthesis

The preparation of inorganic compounds, such as lithium carbonate, sodium car-
bonate and strontium carbonate, from carbon dioxide has led to many industrial
applications [16]. The green chemistry of sodium carbonate production is briefly dis-
cussed here.

Sodium carbonate (soda ash, soda) is widely used in glass, paper, soap, detergent,
textile, leather and other important industries, and also as hard water softener and in
the manufacture of sodium compounds. It is the first alkaline inorganic compound
to realize industrial preparation. In 1892, Belgian industrial chemist E. Ernest Solvay
invented an all-new alkali method with salt, limestone and ammonia as main raw
materials; it is called the “ammonia alkali” or “Solvay soda” method. This method
is of high yield, excellent quality, low cost and continuous production. However, the
technology has been patented and protected, so until 1942, China’s chemical engi-
neering expert Hou Debang invented the “combined soda method” (also known as
“Hou’s soda method”), to lead soda ash industry into a new revolutionary period, and
continues to now.

1. Ammonia alkali method

With sodium chloride, limestone (calcinated to produce lime and carbon dioxide)

and ammonia as raw materials, ammonia first passes into the saturated salt water

to form ammonia salt solution, and then flows into the carbon dioxide to generate
less-soluble sodium bicarbonate precipitation and ammonium chloride solution.

The main process can be expressed as follows.

(1) Preparation of CO,: Calcination of limestone produces CO, gas.

CaCO; Calcination CaO + COz @

(2) Preparation of NaHCO,: Refined NaCl and ammonia react with carbon
dioxide to generate sodium bicarbonate:

NaCl + NH; + CO, + H,0 & NaHCO; + NH,C] @
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Figure 8.6: Chemical transformation pathways of carbon dioxide.
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(3) Preparation of soda ash by the calcination of NaHCO;: The product of reac-
tion @ is filtered to give NaHCO; solid and NH,CI solution. The NaHCO; solid
is calcined and decomposed to give the final product, soda ash:
2NaHCO, ™5 Na,CO, + H,0 + CO, ®
The product CO, is recovered and used for reaction .

(4) Preparation of lime emulsion: CaO from reaction @ reacts with water to yield
Ca(OH), emulsion for the following reaction ®:

CaO + H,0 = Ca(OH), ®

(5) Decomposition of NH,Cl to recover ammonia: The NH,Cl solution obtained
by filtering reaction @ product was added with lime milk to decompose
NH,C] to form NH;:

2NH,Cl + Ca(OH), & 2NH; + CaCl, + 2H,0 ®

The process flowchart is shown in Figure 8.7. The total reaction for the ammo-
nia-alkali method can be expressed as

CaCO; + 2NaCl > NaHCO; + CaCl, ®

It is seen that sodium ions from raw materials NaCl, CO;* from limestone, while
Cl- in the raw material NaCl and Ca* in the CaCO; are useless, and finally dis-
charged as by-product CaCl,. It is possible to calculate the atomic efficiency and
the E-factor of the ammonia alkali method:

Atomic utilization r = (the mass of the atoms entering the target product/
the mass of the atoms in all the reactant) x 100%
= [Relative molecular mass of sodium carbonate /(Relative
molecular mass of calcium carbonate + 2 x Relative
molecular mass of sodium chloride)] x 100%
= (106/217) x 100%
=48.8%

E-factor = By-product/the quality of the product
= Relative molecular mass of calcium chloride/Relative molecular mass
of sodium carbonate
=111/106
=1.05

It shows that the atomic efficiency of ammonia-alkali method is only 48.8%,
E-factor is greater than 1, and in the production of 1 ton products, there are
1.05 ton of waste emissions. This method does not meet the criteria of green
chemistry.
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Figure 8.7: The process flowchart for the ammonia-alkali method.

Na,CO5

2. Combined soda preparation method (Hou’s soda production method)
In view of the shortcomings of ammonia—alkali method, Hou Debang invented this
method. It is the combination of ammonia-alkali and synthetic ammonia process
to produce soda ash and ammonium chloride simultaneously with salt, ammonia
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and carbon dioxide (waste gas from hydrogen production of coal-water shift reac-
tion in ammonia plant) as raw materials; hence it is also called jointed alkali
method. NH,Cl was produced from NH; in the ammonia plant and Cl- in the origi-
nal salt, and soda ash was produced by using the by-product CO, of the ammonia
plant and Na* in the original salt. From the chemical reaction point of view, the
main difference between Hou ‘s and the ammonia alkali method is shown below:

(1) The raw material gas of the ammonia-alkali process is derived from the calci-
nation of limestone, and CO, in Hou’s process is derived from the by-product
of the ammonia plant.

(2) Raw material ammonia in the ammonia-alkali method is recycled (NH;>
NH,Cl->NH,), while ammonia in Hou’s alkali method is not recycled, but trans-
formed into the product NH,Cl. The main steps of Hou’s process are as follows:
(1) NaCl, ammonia and carbon dioxide react to produce NaHCO, and NH,Cl:

NaCl + NH; + CO, + H,0 & NaHCO,; + NH,Cl @)

(2) The product is filtered to give NaHCO; solid and NH,Cl liquid. The NH,Cl
solution is digested with ammonia to precipitate NH,Cl solids. The
NaHCO; solid is calcined to give soda ash:

2NaHCOQ, _‘einaton . Na,CO, + CO, + H,0
The total reaction formula of Hou’s method is
2NaCl + CO, + H,0 + 2NH; - Na,CO; + 2NH,Cl ®

The reaction products Na,CO; and NH,CI are the target products. The atomic
efficiency and E-factor of Hou’s method are calculated as

1 1
Atomic utilization = 06 + 107 x 100% = 100%
117 + 34 + 44 + 18
E-factor = By-product quality/Quality of products
=0/213
=0

It can be seen that all the atoms in the reactant in combined alkali reaction finally
enter the product, the atomic economy of the reaction is 100% and the E-factor is
0, which conforms to the idea of green chemistry. The process flowchart is shown
in Figure 8.8.

8.4.2 Applications of Carbon Dioxide in Organic Synthesis
Organic synthesis with carbon dioxide is of great concern to chemists. Therefore,

there are many studies and reports in this area, and there are many successful exam-
ples of industrial applications [17-23].
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Figure 8.8: The process flowchart of combined soda preparation method.

1.

Synthesis of cyclic carbonates from carbon dioxide and epoxy compounds
Cyclic carbonate is mainly used in electrolytes, polymer monomers and pharma-
ceutical industry; it is also an important pharmaceutical intermediate, with high
industrial value. The reaction for the synthesis of cyclic carbonate from CO, and
epoxy compounds is described as

0
g
N
/&\ " C02 ] p
R R, > <
R, R,

This is considered to be one of the most successful CO, utilization processes, its
atomic economy is 100% and has achieved commercial production. The catalytic
system has been developed, including metal complex catalyst, ionic liquid cat-
alyst, acid-base bifunctional heterogeneous catalyst, lanthanide oxychloride,
supported heteropolyacid catalyst, supported Schiff base catalyst and supported
ionic liquid catalyst. Among them, the homogeneous catalyst systems demon-
strate better performance, and the yield of cyclic carbonate is very high, but the
disadvantages of the homogeneous catalyst constrained its large-scale industrial
application. In order to overcome the shortcomings of a homogeneous catalyst
system, the development of highly efficient heterogeneous catalytic system has
become a hot spot. In recent years, research has focused on the ionic liquid cata-
lytic system with low toxicity and high activity, but it is difficult to separate from
the product and cannot be reused in a continuous-flow reaction device such as
a fixed bed. One way to overcome this problem is to immobilize the ionic liquid,
that is, to support the ionic liquid on the surface of a certain carrier, so as to make
the homogenous reaction into a heterogeneous one. Tables 8.2 and 8.3 show the
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Table 8.2: Reaction data of various SiO,-grafted ionic liquids.

Catalyst Conversion (%) S (%)
Silica gel - -
[Bmim]Cl 98.8 98.2
[Bmim]Cl/SiO, 97.2 98.6
[Bmim]CI-AlCl;/SiO, 90.1 99.7
[Bmim]Cl-ZnCl,/SiO, 98.0 98.6
[Bmim]BF, 94.9 97.5
[Bmim]BF,/SiO, 93.2 99.0
[Bmim]OH 100 99.9
[Bmim]OH/SiO, 99.1 100

Table 8.3: Reusability of SiO,-grafted ionic liquid catalyst.

Used times 1 2 3 4
Conversion (%) 99.1 97.3 94.6 89.0

reaction data and repeatability of SiO,-grafted ionic liquids in the cycloaddition of
propylene oxide and CO,. These catalysts have good reactivity and can be reused,
showing further development potential.
2. Other organic chemicals from carbon dioxide

Carbon dioxide has been used as raw material for the preparation of many val-
uable chemicals. Polycarbonate (PC) plastics are amorphous, thermoplastic,
high impact, transparent and degradable plastics, can be used continuously at
135-145°C and has been successfully applied in disposable packaging materi-
als, tableware, preservation materials, disposable medical materials, plastic film
and so on; its output has become the first of five general engineering plastics.
China’s PC is expected in the next few years to remain in the annual growth rate
of 15-20%.

The production of PC presently concludes the phosgene method. Phosgene is
a kind of extremely toxic gas that seriously contaminates the environment, and
extremely harmful to human health. Every ton of the product needs to consume
chlorine of 368 kg, caustic soda of 415 kg and carbon monoxide of 145 kg, and
produces 7.84 ton of wastewater.

DMC is synthesized using carbon dioxide (CO,) which reacts with diphenyl
carbonate to prepare PC. The synthetic procedure is a clean route with no “three
wastes” production, and has become the first choice for PC production.

The most environment-friendly method to synthesize isocyanate is by thermal
decomposition of carbamate. Carbamate can be synthesized from DMC instead of
phosgene.
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As a new type of green fuel, dimethyl ether is synthesized by hydrogenation
of CO,. The chemical reaction equation is as follows:

2C0O,+ 6H,~> CH;0CH; + 3H,0

This groundbreaking research has made great progress in energy revolution
and the most promising application of CO,in chemical industry is to produce
methanol. However, obtaining hydrogen at low cost has been an obstacle for
massive production of methanol from CO, so far.

Another important application of CO, involves carbamate production with
high yield by reacting organic amine and CO, using crown ether as catalyst.

Carboxylic acid can also be synthesized from CO, and hydrocarbons under
photo-irradiation. For example, propane reacts with CO, to produce methacrylic
acid, and methane reacts with CO, to yield formic acid.

Amine products can be synthesized through reaction of CO, with ammonia
or amine. For example, methylamine can be synthesized from CO,, H, and NH,.
N-Phenylformamide can be obtained from CO,, H, and aniline, while dipheny-
lurea can be produced from CO, and aniline.

The yield and selectivity have room for improvement in the cases mentioned
above. Thus, researchers need to find a more suitable catalytic system for indus-
trial production.

Questions

1. Illustrate the principles of carbon dioxide activation.

2. What are the essential problems involved in carbon dioxide utilization?

3. Summarize the green processes involved in the transformation of carbon dioxide.
4. Elucidate the key methods for the separation of carbon dioxide from industrial

effluent.

Calculate the atomic efficiency of the reaction: 2C0O, + 6H, = CH;0H;C + 3H,0.

[Mlustrate the advantages of the green preparation of DMC from carbon dioxide

and methanol.

7. Elucidate briefly the key pathways of carbon dioxide emission reduction.

Design a new process for the transformation of carbon dioxide.

9. Explain how the chemical intensification technology is used in the chemical
transformation of carbon dioxide.

oo

®

References

[1] Xinbang Net, the first tenth carbon emission countries in the world, 2009-12-16, 23:13:28
http://koubei.xooob.com/gj/200912/395865.html

EBSCChost - printed on 2/13/2023 6:03 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



236 —— 8 Green processes for carbon dioxide resource utilization

(2]

E]

[4]

[5]

(6]

[71

(8]

191

[10]

[11]

[12]

[13]

[14]

[15]

[16

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Zhao Qinming. Recovery of carbon dioxide to benefit mankinds. Energy and Environment, 2010
(4): 25-28.

Zhou Zhongging, Qian Yanlong. Progress of carbon dioxide chemistry. Chemistry Communi-
cations, 1984 (5): 4-11.

Li Hansheng, Zhong Sunhe. Research progress on the preparation of DMC from carbon dioxide
and methano. Chemistry Progress, 2002, 14(5): 368-373.

Bai Rongxian, Tan., Yisheng. Synthesis of C,* alkanes by the hydrogenation of carbon dioxide
over composite catalyst.Chemistry Process, 2003, 15(1): 47-50.

Zhu Yuezhao, Liao Chuanhua, Wang Chongqin, et al. Carbon Dioxide Emission Alleviations and
Resource Utilization. Beijing: Chemical Industry Press, 2011.

Jiang Qi, Li Tao, Liu Feng. Production of DMC from carbon dioxide and methanol over methoxyl
compound of main group metals.Chemistry Communications (internet edition), 1999, 9(1):
C99094

Zhong Sunhe, Li Hansheng, Wang Jianwei. Direct preparation of DMC from carbon dioxide and
methanol over Cu-Ni/V,05-Si0, catalyst. Physical Chemistry Bulletin, 2000, 16(3): 26-231.

Tan Tianwei, Wang Fang, Deng Li etal. Research status and future developments of biomass
energy[J].Modern Chemical Industry ,2003,23(9): 8-12.

Jin Zhiliang, Qian Ling, Lv Gongxuan, Carbon dioxide-present and future. Chemistry Progress,
2010, 22(6): 1102-1115.

Tian Hengsui, Li Feng, Lu Wenglong, et al. To develop the high quality CO,based fine chemicals
to promote the optimization of industries distribution and energy-conservation and emission
alleviation. Chemical Industry Progress, 2010, 29(6): 977-983.

Wu Ying. Green organic synthesis from CO,. Tianjing: Master thesis of Nankai University, 2009
Qi Chaorong, Jiang Huanfeng. Organic reactions in supercritical carbon dioxide. Chemistry
Progress, 2010, 22(7): 1274-1285.

Wu Suxiang, Fan Honglei, Cheng Yan, etal. Organic catalytic reactions in CO,/H,0 mixed
medium. Chemistry Progress, 2010, 22(7): 1286-1294.

Zhou Zonggqing. Technological progress on the synthesis of polymer materials from CO,. Natural
Gas Chemical Engineering, 1994, 19(3): 41-45.

Bai Yushan, Yu Yan. Green chemistry conception in the jointed soda production method.
Chemistry Education, 2004(9): 48-50.

Tomishige, K., Kuninori, K. Catalytic and direct synthesis of dimethyl carbonate starting from
carbon dioxide using Ce0,-Zr0, solid solution heterogeneous catalyst: Effect of H,0 removal
from the reaction system. Applied Catalysis A, 2002, 237(1-2): 103-109.

Carnes, C. L., Klabunde, K. J. The catalytic methanol synthesis over nanoparticle metal oxide
catalysis. Journal of Molecular Catalysis A: Chemical, 2003, 194: 227-236.

Shiflett, M. B., Yokozeki, A. Solubilities and diffusivities of carbon dioxide in ionic liquids:
[bmim][PF¢] and [bmim][BF,]. Industrial & Engineering Chemistry Research, 2005, 44(12):
4453-4464.

Toshiyasu Sakakura, Jun-Chul Choi, Hiroyuki Yasuda. Transformation of Carbon Dioxide.
Chemical Reviews 2007, 107(6): 2365-2387.

Roosen, C., Ansorge-Schumacher, M., Mang, T., et al. Gaining pH-control in water/carbon
dioxide biphasic systems. Green Chemistry, 2007, 9: 455-458.

Mengxiang Fang, Shuiping Yan, Zhongyang Luo, et al. CO, chemical absorption by using
membrane vacuum regeneration technology. Energy Procedia, 2009, 1: 815-822.

Cheng, H. Y., Meng, X. C,, Liu, R. X., et al. Cyclization of citronellal to p-menthane-3,8-diols in
water and carbon dioxide. Green Chemistry, 2009, 11: 1227-1231.

EBSCChost - printed on 2/13/2023 6:03 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

9 Green chemistry and chemical processes
for biomass utilization

Biomass resources are considered to be the best alternative to fossil fuels currently.
The comprehensive utilization of biomass is an important sustainable development
strategy [1-4].

9.1 Introduction
9.1.1 Natural Conditions of Biomass

A large variety of plants on the earth make up giant chemical plants. They use
solar energy to continuously synthesize inorganic substances such as water and
carbon dioxide into various organic substances, further providing abundant and
renewable biomass resource for human.

China is a large agricultural country with abundant biomass resources. In addition
to crop land, it also possesses wasteland, grassland, saline land and marshland, which if
managed effectively, can enormously increase the potential for agricultural development.

9.1.2 Biomass Concept

Biomass refers to various organisms that are produced through photosynthesis using the
atmosphere, water, and land, etc.. That is, all living organisms with capable of growing are
collectively referred to as biomass. It includes plants, animals and microorganisms [5-7].

9.1.3 Classification of Biomass

The main components of biomass fuels are C, H and O, while the main constituents
of fossil fuels are C and H. Typical biomass resources include cellulose, hemicellu-
lose, lignin, oil, starch and chitin. This book will focus on the chemical process of the
former four biomass resources [10-11].
1. Cellulose
Cellulose is the most abundant and widely distributed organic matter in nature,
with 500 billion tons synthesized each year on earth, only 7 million tons of which
undergoes chemical modification. It is a large molecule formed by connecting
glucose unit with B-1,4-glycosidic bond.
2. Hemicellulose
In the cell wall of plants, a part of plant polysaccharide is the hemicellulose,
which is symbiotic with cellulose and soluble in alkaline solution, and far more

https://doi.org/10.1515/9783110479317-009
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Figure 9.1: Basic structural unit of lignin.

soluble than cellulose in case of acid. Hemicellulose is a heterogeneous polymer
composed of several different types of monosaccharides, namely pentose and
hexose, xylose, arabinose and galactose.

Lignin

The total amount of lignin synthesized is only less than cellulose, i.e., 150 billion
tons of lignin per year. China’s annual crop straw merely contains 700 million
tons of lignin. From a paper industry by-product utilization perspective, lignin
has not been fully exploited, causing environmental pollution.

The basic structural units of lignin, as shown in Figure 9.1, contain hydroxyl
groups and double bonds with active hydrogen, which can form hydrophilic
group involved in the synthesis of various chemical products.

Lipid

Lipid is a general term used to refer to oil and fat obtained from animal and plant,
the main ingredient of which is glycerol with three fatty acids, simply known as
triglycerides. Generally speaking, “oil” refers to the liquid state at room temper-
ature, and “fat” refers to the semisolid or solid state at room temperature, but it
is customary not to distinguish the two terms. From the structure chart, triglyc-
erides can be considered as a glycerol molecule condensed with three fatty acid
molecules (Figure 9.2).

If the three fatty acids are the same, the resultant is a homotype triglycer-
ide, otherwise, generating heterotype triglyceride. Most natural oils are mixed
triglycerides containing acids, in addition to small amounts of phospholipids,
wax, sterols, vitamins, hydrocarbons, fatty alcohols, free fatty acids, pigment and
odorous volatile fatty acids, aldehydes and ketones.

9.1.4 Use of Biomass

Through photosynthesis, plants convert about 200 billion tons of CO, into carbohy-
drates each year and store about 3.1 x 10" ] of solar energy. The stored energy is about
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Figure 9.2: Preparation process of oil.

10-20 times of the total energy consumption in the world, but the utilization rate is
less than 3%.

Among the main components of plant resources, what humans use most is cel-
lulose, the least is hemicellulose, and the most difficult to use is lignin. In addition
to cellulose, which has been used in the manufacture of paper and textiles, recent
applications include the following:

1. Preparation of Biodegradable Polymer Materials

Cellulose, lignin and starch of plant polysaccharide can be used to make valuable

biodegradable plastics, such as in the development of American Wamer-Lambert

Company’s Novon brand of biodegradable plastics, which is a typical example of

this kind of material. These products have not been widely used because of their

high price, but have shown potential to solve the problem of “white pollution”.
2. The Conversion of Cellulose to Glucose and Alcohol

It is not difficult to further split cellulose into glucose when the crystal structure

is destroyed and lignin and hemicellulose are separated. The conversion rate is

above 95%. At present, there are some effective biological methods, which can
directly convert cellulose into alcohol. The resulting sugar ethanol can replace
the fossil oil and coal as the basic raw materials to develop a variety of organic
chemical products, including gasoline and other basic energy sources.

3. Utilization of Lignin

Lignin is a renewable plant fiber resource and stores the highest solar energy in
plant fibers. It is the best substitute for petroleum. In the current paper industry, it
is discharged as waste and causes serious pollution to the environment. In recent
years, there have been many advances in the application of lignin, including its
liquefaction directly and then used as a fuel, adhesives, and some low molecular
weight chemicals such as phenols and organic acids.

9.1.5 Biomass Distribution
Of the 240,000 known vascular plants, about 25% of them are edible. The world’s

food comes from about 100 species, of which about 3/4 are crops such as wheat, rice,
corn, potato, barley, sweet potato and cassava.
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China has a vast territory, and has a wide range of biomass resources and a huge
amount of resources. It provides abundant raw materials for the development and
utilization of biomass.

In agricultural biomass resources of China, the distribution of crop straw is con-
sistent with the distribution of crop planting. China’s crop straw is mainly distributed
in the eastern region, including the North China Plain and the northeast plain prov-
inces and cities. Hebei, Inner Mongolia, Liaoning, Jilin, Heilongjiang, Jiangsu and
other major grain-producing areas are also the major straw producers. The provinces
with high straw resources of unit national land area are Shandong, Henan, Jiangsu,
Anhui, Hebei, Shanghai and Jilin provinces.

The agricultural by-products include rice husk, corncob, bagasse and other
sources, which are produced from grain processing factory, food processing factory,
sugar factory and brewery. These resources are present in huge amounts, are of rela-
tively concentrated origin and easy to collect. Among them, rice husk is mainly pro-
duced in Northeast China, Hunan, Sichuan, Jiangsu and Hubei provinces; corn cob in
Northeast China and Hebei, Henan, Shandong and Sichuan provinces and bagasse in
Guangdong, Guangxi, Fujian, Yunnan and Sichuan provinces.

The main types of forestry biomass resources in China include the harvested
residues of mature or over-mature forests in forests, the clean-up of dead wood, the
tending and cultivation of near-mature forests, and the thinning of middle-aged
forests. According to the results of the sixth national forest resources inventory, forest
areas of the northeast and Inner Mongolia, North China and Central Plains, the south-
ern forest region and the tropical region of Southern China are the regions where the
forestry biomass resources are concentrated.

9.1.6 Comprehensive Utilization of Biomass

Most of the organics in plant on the earth is of the fiber type (including rice straw,
wheat straw, weeds, and all trees, etc.), among which the useful plant cellulose is dif-
ficult to be degraded by microorganisms or digested by humans due to crystallization
and symbiosis with lignin.

Cellulose constitutes the skeletal framework of plants, while the structures of
hemicellulose and lignin are more complex and are dispersed in and around the fibers
as inclusions. The bonding force of lignin condenses the fibers together (Figure 9.3).
The separation of cellulose, hemicellulose and lignin is a key step in a broad range of
applications.

The invention of papermaking in ancient China is one of the early results of the
artificial separation of cellulose, and the most important industrial sector depend-
ent on plant resources is still pulp and paper industry. At present, alkaline pulping
is widely used in the paper industry to remove lignin. The black liquor produced by
the waste water can cause great pollution to the environment, which is particularly
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Figure 9.3: Lignocellulose structure.

prominent in the Huaihe River basin. At present, new green pulping technology

and biochemical pulping technology are being developed. It is always the goal of

human beings to transform plant resources into energy and basic raw materials.

With regard to this many new methods of green chemistry have made some break-

throughs in this field.

1. Biomass Conversion
As shown in Figure 9.4, biomass conversion consists of two main processes:
pretreatment and enzymatic hydrolysis. Through the pretreatment of biomass
raw materials, cellulose and hemicellulose are exposed, and thus the surface
area of substrate and enzyme is increased. Using water, acid, alkali and organic
solvent pulping processes, compared with the traditional pulping methods, in
the pretreatment of wood has yielded better results. Different types of ligno-
cellulosic raw materials should be treated differently. Pretreatment is followed
by enzymatic hydrolysis with cellulose, usually produced by fungi such as
Trichoderma, Penicillium and Aspergillus, which can effectively decompose the
cellulose microfibrils into different carbohydrate components. The enzymatic
hydrolysis process can be carried out separately or with other biomass conver-
sion processes. Separate hydrolysis and fermentation (SHF) offers greater flex-
ibility compared to other process. Simultaneous saccharification and fermen-
tation (SSF) has been considered as an efficient method for the production of
bioethanol.

New technology is being developed to realize effective separation of cel-
lulose, hemicellulose and lignin, which can be used for industrial processing.
The most effective separation can be achieved by the combination of pretreat-
ment and enzyme hydrolysis. In recent years, the basic research on the kinetics
of biomass conversion has focused on reducing the cost of hydrolytic enzymes.
The research project carried out jointly, by Novozymes, Genencor and American
National Renewable Energy Laboratory, after 4 years of hard work, has finally
succeeded in showing that costs involved in the enzyme hydrolysis of the model
substrate can be reduced by 30 times.

printed on 2/13/2023 6:03 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

Cellulose %

242 — 9 Green chemistry and chemical processes for biomass utilization

Pretreat

Biological
products

Pentos B

Hexose

Fermentation

i

Bioethanol

Figure 9.4: Process flow diagram of biomass conversion.

2. Thermochemical treatment

This method uses the thermochemical process to produce synthetic gas through
gasification. The chemical treatment method includes pretreatment, gasification,
purification and regulation, and can produce a mixture of hydrogen, carbon mon-
oxide, carbon dioxide and other gases. The products produced by the above two
methods are intermediate products, which can be used as industrial chemicals
after further synthesis and processing.

If pyrolysis is used, the process of drying, grinding and screening will be
needed, so that the raw material easily enters into the reaction vessel. This tech-
nology is already viable in industry. Biomass gasification is generally carried
out in two stages. In the first stage, temperature is 450—-600 °C. The volatile
components in the biomass are pyrolyzed (burned under anoxic conditions).
Rapid pyrolysis occurs at a lower temperature range of 450-550 °C, resulting in
liquid pyrolysis of oil and a small amount of gas. The oil produced in the process
of fast pyrolysis is 60-75% of the original fuel, and can be used as raw material for
producing value-added chemicals or directly as biomass fuel. At higher tempera-
ture, pyrolysis vapors can be mainly converted into carbon monoxide, hydrogen,
methane, volatile tar, carbon dioxide and water vapor. High-temperature pyrolysis
will leave the solid residue of carbon, which accounts for 10-25% of the original
fuel. A second gasification stage is required to treat the solid residue. The carbon
conversion takes place at 700-1,200 °C, where it reacts with oxygen to produce
carbon monoxide.

Supercritical method

Using supercritical fluid instead of organic solvent can help avoid pollution. In
Canada, lignocellulosic biomass is the main source of available raw materials.
Canada Alcell Company uses supercritical ethanol as solvent to extract
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hemicellulose and lignin of plants and separate them from cellulose. Five mon-
osaccharides including glucose, galactose, mannose, xylose and arabinose were
obtained by hydrolysis. The whole process basically produces no waste, does not
pollute the environment, and also makes full use of energy.

In addition, some nonchemical and combined chemical separation methods
can also be used to separate cellulose efficiently.

Green chemistry opens a new field of biomass chemistry, which is the study
of chemical conversion from green plants, by which cellulose, hemicellulose and
lignin are separated from effective and cheap methods, and then degraded to
glucose monomers, alcohol and other organic chemical raw materials, in which
way, the earth’s huge green plants are transformed into human food, livestock
feed, energy, and organic chemical raw materials. This discipline is not only to
protect the ecological environment, but also an important backup for traditional
technology that can not meet the needs of human survival and development.
China uses 7% of the world’s arable land to feed 22% of the world’s population.
The arable land is reduced at a rate of millions hectares per year. In addition to
developing new ecological agriculture products, biomass is directly converted
into usable chemical products. It will be more efficient. In the United States,
many kinds of biomass, such as sugar and starch crops, are used for biomass
conversion. The sugars isolated from biomass will become value-added products
after further processing.

9.2 Properties and Analysis Methods of Main Components

in Biomass

9.2.1 Physical and Chemical Properties of Cellulose

Structure of cellulose

1) Chemical structure
Cellulose is a macromolecular polysaccharide composed of D-glucose in the
form of a B-1,4-glycosidic bond with a molecular weight of about 50,000 to
2,500,000, which is equivalent to about 300 to 15,000 glucose groups. The
molecular formula can be written as (C¢H,;,05),, where n is the degree of
polymerization. The degree of polymerization of cellulose in nature is about
10,000. Figure 9.5 shows the structure of cellulose.

Figure 9.5 shows that in addition to the two glucose residues at the
head and tail of cellulose, the intermediate residues contain only three free
hydroxyl groups: a primary hydroxyl group, and two secondary hydroxyl
groups, their reaction activities being different. The primary hydroxyl group
is not involved in the formation of intramolecular hydrogen bonds, but it
can participate in the formation of adjacent intermolecular hydrogen bonds.
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L —In-2 Figure 9.5: Structure of cellulose.

2)

3)

Molecular Weight and Degree of Polymerization

The molecular formula of cellulose can be simply expressed as CsH;;0¢—
(C¢H100s5) 1-C4H};0s, a base ring of cellulose with relative molecular weight of
162. The polymerization degree of cellulose is DP = n + 2, and the relative
molecular weight of cellulose is M = DP x 162 + 18.

When DP is large, in the above formula 18 is negligible, so the relation-
ship between the relative molecular mass M of the cellulose and the degree
of polymerization of polymerization DP is M = DP x 162 + 18 or DP = M/162.
Physical Structure
The physical structure of cellulose refers to the relative arrangement of the
structural units with different scales, which includes the chain structure and
aggregation structure of the polymer.

The chain structure, also known as the primary structure, shows the
geometric arrangement of atoms or groups in a molecular chain. There are
two kinds of structures with different scales. The short-range structure is
the first hierarchical structure, which refers to a single polymer within one
or several structural units of the chemical structure and three-dimensional
chemical structure. The remote structure is the second hierarchical struc-
ture, which refers to the size of a single polymer and the various shapes in
the space. For example, it may be a straight chain, irregular or folded chain,
spiral chain, etc.

Aggregation structure, also known as the secondary structure or the
third hierarchical structure, refers to the internal structure of the polymer,
which includes the crystal structure, amorphous structure, orientation
structure and liquid crystal structure, and describes how the polymer
aggregates are stacked between each molecule, i.e., whether it is inter-
twined with the group structure, the folding chain from the regular stack
of crystals and so on.

The chain structure of polymers is the most important structure influ-
encing various properties of the polymer, such as melting point, density,
solubility, viscosity and adhesion. The aggregation structure is the main
factor determining the performance of polymer products.
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2. Physical Properties of Cellulose

1

2)

3)

Moisture Absorption and Desorption of Cellulose

The free hydroxyl groups of cellulose have strong affinity for polar solvents
and solutions. Dried cellulose is placed in the atmosphere and it can absorb
moisture from the air to a certain moisture content. The absorption of water
or steam from the atmosphere by cellulose is called adsorption. The release
of water or steam from cellulose due to a decrease in the partial pressure
of steam in the atmosphere is referred to as desorption. The adsorption of
water vapor from cellulose affects many of the important properties of cellu-
losic fibers. For example, as the amount of cellulose adsorbed changes in the
fiber due to swelling or contraction, properties related to fiber strength and
electrochemical properties will change. In addition, during the drying of the
paper, desorption of water from cellulose takes place.

Swelling and Dissolution of Cellulose Fibers

The swelling of cellulose fiber can be divided into limited and unlimited
expansion. There is a limit to the amount of cellulose absorbing swelling
agent, and the degree of swelling is also limited. Infinite swelling means that
the swelling agent can be swollen into the amorphous and crystalline regions
of the cellulose, but does not form new swelling compounds, so the amount
of swelling agent that enters into the amorphous and crystalline regions
is not limited. Most of the cellulose swelling agents are polar, because the
hydroxyl groups on the cellulose itself are polar. Usually, water or LiOH,
NaOH, KOH, RbOH, CsOH aqueous solutions can be used as the cellulose
swelling agent; phosphoric acid can also cause fiber swelling. In general, the
greater the polarity of the liquid, the greater the degree of swelling.

The dissolution of cellulose takes place in two steps: first in the swelling
phase, where dissolution occurs when the cellulose swells indefinitely. The
original X-ray pattern of the cellulose disappears and new X-ray image no
longer appears. Cellulose can be dissolved in certain inorganic acids, bases,
and salts. In general, the dissolution of cellulose uses a coordination com-
pound of copper hydroxide with amine or ammonia, such as cuprammo-
nium hydroxide solution or copper ethylenediamine solution. Cellulose can
also be dissolved in non-aqueous solvents based on organic solvents.
Thermal Degradation of Cellulose
When the cellulose is heated, the degree of polymerization decreases. In
most cases, the hydrolysis and degradation of cellulose occurs when the
cellulose is thermally degraded. In severe cases, decomposition of cellulose
occurs, and even carbonization or graphitization may occur. At the tempera-
ture of 25-150°C, the water sorption of cellulose physically begins to desorp-
tion; at 150-240°C some of the glucose groups in the cellulose structure begin
to dehydrate; at 240-400°C, the glycosidic bonds in the cellulose structure
begin to break, and some C-O bonds and C-C bonds also began to break and
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produce some new products and low molecular weight volatile compounds;

above 400° C, the remaining part of the cellulose structure undergoes aro-

matic cyclization and gradually forms a graphite structure.

3. Chemical Properties of Cellulose
1) Degradation Reactions of Cellulose

In a variety of environments, cellulose has the potential for degradation.

There are several different types of degradation.

(1) Acid hydrolysis degradation
Cellulose can be dissolved in Schwitzer (copper hydroxide solution)
reagent or concentrated sulfuric acid. Although cellulose is not easy to be
acid hydrolyzed, dilute acid or cellulase can degrade cellulose to produce
D-glucose, cellobiose and oligosaccharides. Cellulose in the acid or alkali
catalysis are prone to hydrolysis reaction, but the reaction is different. In
the acidic medium, the hydrolysis of the beta glycosidic bond is given by:

CHZOH CH,OH
H.O OOH
—0 OH 2 — 0
CHZOH CH,OH

When fully hydrolyzed, the final product is D-glucose. Under mild con-
ditions, hydrolyzed cellulose is obtained after hydrolysis (cellulose
with reduced degree of polymerization; when n falls below 200, it is in
powder form).

In the dilute acid and high-temperature hydrolysis, the monosac-
charides can be further decomposed:

CH,0H H,C—CH
OHOOH 3H,0  HOH,C—CH C—CHO CH;— C—CH,CH,COOH + HCOOH
i . [
HO Y 0
OH w- Hydroxymethyl 3- Levulinic acid
furfural

The hydrolysis of cellulose at high temperature has the effect of auto-
catalysis.
(2) Alkaline Degradation

In alkaline medium, cellulose B-glycosidic bond is more stable, however,
alkaline hydrolysis can be performed under high temperature, and the
reaction is very complicated. The first is that the terminal group is ring-
opened into an aldehyde form and converted into a ketone form under the
action of a base, causing cellulose to remove the glucose group one by one
from the terminal group, and undergoes a series of isomerization reactions.
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(3) Oxidative Degradation
Cellulose is oxidized by air, oxygen, bleach, and the free hydroxyl
groups at the C-2, C-3, and C-6 positions of the cellulose glucosyl ring,
and at the reducing terminal C-1 position. According to different condi-
tions, aldehyde group, ketone group or carboxyl group, and oxidized
cellulose are correspondingly generated. The structure and properties
of oxidized cellulose are different from those of the original cellulose. In
most cases, the degree of polymerization of cellulose decreases with the
oxidation of hydroxyl groups.
(4) Microbial Degradation
Cellulose is degraded by the action of microbial enzymes, resulting in
degradation of cellulose polymerization degree. In the study of enzy-
matic hydrolysis of cellulose, we hope to find a low-cost and high-
efficiency method.
Esterification and Etherification of Cellulose
Cellulose is a compound containing polyols. Organic and inorganic acids
react to produce ester derivatives; although a strong acid such as nitric
acid, sulfuric acid and phosphoric acid can directly react with cellulose, to
generate inorganic esters, other strong acids such as perchloric acid and
other halogen acids can directly esterify cellulose. Organic acids, acid anhy-
drides and acid chlorides act on cellulose to produce organic acid esters, of
which only formic acid can directly esterify the cellulose with a relatively
high degree of substitution of the ester; the degree of substitution of other
organic acids is low, even at the temperature of its boiling point. However,
the conversion of these organic acids to anhydrides can esterify cellulose
and have a high degree of substitution. In addition, an inorganic acid or a
salt such as magnesium perchlorate is generally used as a catalyst in the
esterification reaction of an organic acid and cellulose.

The alcoholic hydroxyl groups of the cellulose can be etherified with an
alkyl halide or other etherifying agent under basic conditions to form the corre-
sponding cellulose ether. For example, under alkaline conditions, cellulose and
dimethyl sulfate react to yield cellulose methyl ether, referred to as methyl cellu-
lose. Methyl cellulose can continue to take part in methyl substitution reaction:

NaO N
cetiutose(OH),(OCH;) + >
0
3

Methylcellulose

CH;0\_
Rcellulose_(OH)B + /SOZ + NaOH —=R SO2 +

H,0

Another kind of cellulose ether commonly used in industry is carboxymethyl
cellulose (short for CMC), which is obtained by reacting chloroacetic acid
and alkali cellulose:

— (OH); + CICH,COOH + NaOH — Rz (OH),(OCH,COONa) + NaCl + H,0

cellulose
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3) Chemical Modification of Cellulose

Cellulose being natural polymer, there are some shortcomings in perfor-
mance, with regard to chemical resistance, limited strength, etc. Cellulose
has been chemically modified to obtain new cellulose derivatives with better
performance, including resistance to heat and microbes, abrasion resistance,
acid resistance and improved wet strength, adhesion and absorption of dyes.
More graft copolymerization and cross-linking reactions were applied in the
chemical modification of cellulose. Chemical modification has a wide range,
such as: free radical or ionic graft copolymerization; under the action of heat,
light, radiation or cross-linking agent, covalent bonds are formed between
cellulose chains to produce gels or Insolubles form a cross-linking reaction of
the ester. This chemical modification achieves fire-resistant, heat-resistant,
microbe-resistant, abrasion-resistant, acid-resistant, and increases cellulose
wet strength, adhesion and dye absorption.

9.2.2 Physical and Chemical Properties of Hemicellulose

Hemicellulose is not a homogeneous glycan, but a group of complex glycans. The raw
materials are different, and the components of the complex glycans are also different. The
relative molecular mass of hemicellulose is not large, and the degree of polymerization is
usually around 200. The molecules are basically linear but with various short side chains.
1. Chemical structure of Hemicellulose
The hemicellulose is composed of D-glucose, D-mannose, D-xylose, L-arabinose,
D-glucuronic acid, 4-methoxy-D-galacturonic acid and D-glucuronic acid. There
is also a small amount of L-rhamnosyl, L-fucosyl and various neutral glycosyl
groups with methoxy and acetyl groups. These constituent units are generally
not homoglycans, i.e., composed of one structural unit, but are heterogeneous
polysaccharides composed of 2-4 kinds of structural units. The specific composi-
tion varies greatly with tree species.

The types and quantities of hemicellulose contained in coniferous wood,
hardwood and grass raw materials are different. The hemicellulose of coniferous
wood is dominated by polygalactose glucose, mannose and poly-arabinose-
4-methoxy-glucuronic acid xylose. Broad wood hemicellulose is mainly poly-
acetyl-4-methoxy-glucuronic acid xylose, accompanied by a small amount
of polyglycans mannose. The hemicellulose in gramineous plants is mainly
poly-arabinose 4-methoxyl glucuronic acid xylose.

2. Physical Properties of Hemicellulose
In general, the hemicellulose has a higher solubility than the natural state of
hemicellulose. Poly arabinose galactose is soluble in water. Polytetra polyglycine
glucuronic acid xylose is easy to dissolve in water, while hardwood polyglycolic
acid xylose is less soluble in water than softwood. When birchwood is extracted
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by alkaline extraction, polyxylose containing more glucuronyl groups is easily
extracted. Due to the random structure and branching of hemicellulose, and with
many hydrophilic groups on the main chain and the side group, their moisture
absorption is larger than that of cellulose. The swelling capacity of hemicellu-
lose is large; the hemicellulose contains a large number of free hydroxyl groups,
which can play a role in bonding when pressed.

Due to the random structure and branching of hemicellulose, and the main chain
and pendant with many hydrophilic groups, its hygroscopicity is larger than cellulose.
The swelling ability of hemicellulose is larger; hemicellulose contains a large number
of free hydroxyl groups, which can play a binding role when it is under hot pressed.

3. Chemical properties of Hemicellulose
The chemical properties of hemicellulose and cellulose are similar under hydroly-
sis, esterification, etherification, graft copolymerization and cross-linking, pyrol-
ysis and combustion reactions, as well as phosphide reactions. Furthermore, due
to the random structure of hemicellulose and the presence of pendant groups, it
is easier to carry out such reactions with hemicellulose than in the case of cel-
lulose. Therefore, it is often regarded as a kind of polysaccharide that is most
susceptible to external conditions and most likely to change and react in wood.
1) Acid hydrolysis
The hemicellulose bond is broken in the acid medium, leading to degra-
dation, which is the same as the acid hydrolysis of cellulose. However,
hemicellulose and cellulose are very different in the structure, For example,
hemicellulose has many types of glycosyl radicals, such as pyridine, furan,
a and B glycosides, and D and L type. The connections between glycosyl
groups are also diverse, with 1> 2,1 3,1 4, and 1> 6 connections, so the
reaction is more complex than cellulose.

The hydrolysis rate of methyl pyran arabinose with glycosides was
observed to be the fastest when the hydrolysis was carried out with 1.5 mol/L
hydrochloric acid at 75 °C. The sequence of hydrolysis rate of hemicelluloses
with different structures is: methyl-D-galactopyranoside glycoside, methyl-
D-pyrano xyloside glycoside, methyl-D-pyrano mannose glucoside. And the
most stable are methyl-D-pyranoglucose glycosides.

In most cases, the B-D type of each glycoside is more hydrolyzable than
the alpha-D type. In general, furan aldose glycosides are much more acidic
than the corresponding pyran aldose glycosides. Glucuronic acid glycosides
have a slower hydrolysis rate than the corresponding glucose glycosides
because of the stable effect of the carboxyl groups on the glucoside bond.

2) Alkaline Degradation
Hemicellulose can degrade under alkali conditions, and alkaline degrada-
tion includes alkaline hydrolysis and peeling.

In the 5% NaOH solution, the hemicellulose bond can be broken by hydrol-
ysis at 170 °C, which is called alkaline hydrolysis. In each pair of glycosides,
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Figure 9.6: Hemicellulose reaction.

where the methoxylate of the glycoside is opposite to the hydroxyl group on
the second carbon atom, the rate of alkaline hydrolysis is much higher than
with the corresponding glycoside. The alkaline hydrolysis rate of furan-type
glycosides is much higher than that of pyran-type glycosides. The basic
hydrolysis rate of methyl-a-pyran glucuronic acid glycoside with methyl-p-
pyran glucuronic acid glycoside is higher than that of furan-type glycosides.
Peeling reaction can occur under mild alkaline conditions. With cellulose,
the peeling reaction of hemicellulose is also carried out by glycosylation of the
reducing end groups of the glycans. However, since hemicellulose is a homoge-
neous polysaccharide composed of a plurality of saccharides, the reducing end
groups of hemicellulose have various glycosyl groups, and are also branched, so
the peeling reaction is more complicated. The peeling reaction of hemicellulose
is described below with only 14 linked xylose as an example (see Figure 9.6).
As with cellulose, the alkaline peeling reaction of hemicellulose is also
terminated to some extent, and the termination reaction is the same as that
of cellulose, and the reducing terminal group is converted into a biocidal
group. Since no aldehyde group is present on the terminal group, the peeling
reaction can no longer occur and the degradation is thus terminated.

9.2.3 Physical and Chemical Properties of Lignin

Generally, the woody plants are extracted with water and phenyl alcohol, the left mate-
rial after the hydrolysis with inorganic acid to remove cellulose and hemicellulose
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is called lignin. The lignin content of coniferous wood is 25-35% and hardwood is

20-25%, while gramineous plants generally contain 15-25% lignin. The content of

lignin in plant raw materials varies greatly with the different morphological parts and

with plant varieties.

1. The Structure of lignin
Lignin has high carbon content (60-66%) and low hydrogen content (5-6.5%),
showing that it is aromatic. Phenylpropane is as a basic structural unit of lignin,
and is connected to each other via a ether bond and a carbon bond to form a
polymer having a three-dimensional structure. The type, number, and connec-
tion of the structural units vary greatly with tree species. The structural elements
of the three forms are shown in Figure 9.1. The three structural units contain
hydroxyl groups, but their methoxy content is different. The three carbon atoms
on the side chain of the benzene ring can be attached to different groups such as
methoxy, hydroxy, carbonyl, double bonds and the like.

The basic structural units of lignin in broad-leaved and coniferous wood are
different. The broad-leaved wood lignin contains a large number of Guaiacyl-based
and lilac-based structural units, and the coniferous wood lignin contains a large
number of Guaiacyl-based structural units.

There are two ways of connecting phenylpropane-based structural units: one
is through an ether linkage and the other is a carbon-carbon bond, with the ether
linkage being the main mode. In the lignin, about two-thirds to three-fourths of
the phenylpropane structural units are connected through the ether bond, while
only one-fourth to one-third of the phenylpropane structure unit is connected
through the carbon-carbon bond. Some of the connected sites can occur between
the phenolic hydroxyl groups of the benzene ring, and some between the three
carbon atoms in the side chain, while others occur between the benzene ring and
the side chain and so on.

2. The physical properties of lignin
The physical properties of lignin are closely related to the source of lignin
samples, such as plant species, organization and location, separation of samples
and purification methods.
1) Solubility

The main solvent parameters determining the solubility of lignin are the

hydrogen bonding capacity and cohesive energy density. Lignin is a kind

of aggregate. There are many polar groups in the structure, especially more
hydroxyl groups, resulting in strong intramolecular and intermolecular
hydrogen bonds, so the log lignin is insoluble in any solvent.

During separation of lignin by condensation or degradation, many phys-
ical properties, such as the solubility, will be changed; the soluble lignin has
amorphous structure, while the insoluble lignin has a raw fiber structure. The
presence of phenolic hydroxyl and carboxyl groups allows lignin to dissolve
in concentrated, strong alkaline solution. Alkaline and lignin sulfonates
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are usually dissolved in dilute alkali, water, salt solutions and buffer solu-
tions. Lignin is not soluble in all solvents.
2) Thermal properties

Lignin is an amorphous thermoplastic polymer. It is slightly brittle at room
temperature, does not form a film in solution, and has only glass transition
properties. Below the glass transition temperature (Tg, the thawing temper-
ature of the segment movement), lignin is in a glass solid state; above the
glass transition temperature, the molecular chain When exercise occurs,
lignin softens and becomes viscous.

The glass transition temperature of separated lignin varies with tree
species, separation method, molecular weight and water content. The soften-
ing temperature of dried lignin is around 127-129 °C, and the softening temper-
ature decreases with the increase of water content of lignin sample. The sof-
tening point of the dry periodate is 193 °C, and when the water content is 27.1%,
the softening point drops to 95 °C. Water plays the role of a plasticizer in lignin.
The higher the molecular weight of lignin, the higher the softening point.

3. Chemical properties of lignin

The chemical properties of lignin include various chemical reactions of lignin,

such as halogenation, nitration and oxidation reactions occurring on the benzene

ring; reactions occurring on the side chain of benzyl alcohol, aryl ether and alkyl

ether bonds; as well as the modification reaction and the color reaction.

1) Halogenation reaction
Lignin readily reacts with chlorine (available chlorine or chlorine) to produce
chlorinated lignin. This method is used to achieve the purpose of paper bleach-
ing. When the halogenation reaction is carried out at room temperature, the
substitution reaction is carried out only on the aromatic ring, and the halo-
genation reaction may occur on the side chain as the temperature increases.

Bromine reacts less easily with lignin in the bromination reaction, but in
acid medium the reaction is also easy to carry out. Commonly used bromina-
tion reagents are NaBr, NH,Br, BrCl (chlorine and bromine reaction products)
and so on. Early wood bromide treatment is based on the lignin-based bro-
mination reaction, which can achieve the purpose of wood flame retardant.

2) Sulfonation reaction
In the sulphite pulping process, a sulfonation reaction occurs between the lignin
and sulphite in the wood to form lignin sulfonate, which is dissolved in the sul-
phite waste liquid and makes the pulp wood Elements removed. Lignin sulfona-
tion reaction occurs mainly in the side chain of lignin, due to the presence of
active benzene on the side chain structure, as well as alkyl ether and aryl ether.
3) Oxidation reaction
Lignin is more easily oxidized than cellulose and hemicellulose, and can be
oxidized in neutral, alkaline or acidic media. Wood drying process becomes
darker, but also due to lignification oxidation of the formation of dark
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quinone-type structure. The reason why the surface properties of wood and
its products deteriorate under sunlight and air is not only the photochemical
degradation of lignin but also the lignin oxidation reaction.

In the strong conditions of the oxidation reaction, the lignin can undergo
decomposition, and lead to the formation of a variety of low-grade aliphatic
hydrocarbons such as carboxylic acid and other substances. In the presence
of a base, oxygen in the air can oxidize lignin to yield humic acid.

4) Reaction with formaldehyde

Phenolic hydroxyl in lignin has the properties of general phenols, and one
can introduce hydroxymethyl groups in the ortho position and para position
of phenolic hydroxyl groups. Because of its large spatial barrier, the reaction
is more difficult than with ordinary phenols. Under the catalysis of the base,
most of the formaldehyde enters the aromatic ring, and a small part of the
formaldehyde enters the active site on the side chain and is present in the
free hydroxymethyl state. Under acidic conditions, formaldehyde is proto-
nated and the hydroxymethylation reaction proceeds easily. Hydroxylation
immediately follows a condensation reaction, which results in the formation
of methylene cross-links between lignin molecules, the increase in molecu-
lar mass, and the occurrence of resination.

HCHO + H® —» ®CH,0H |
7C7

—C— —c— —C— —c—
CH,0H
+®CH,0H —
CH50 OCH,4 OCH,
OH

5) Pyrolysis reaction
The three main components of plants have the thermal stability of the order:
hemicellulose <cellulose <lignin. Lignin decomposes at 300-350 °C under a
severe pyrolysis reaction, by which time hemicellulose and cellulose have long
been decomposed. The pyrolysis of lignin was not terminated until 400-450 °C.
It is mainly converted to coke, so it is the bearer of flameless combustion of wood.

9.2.4 Biomass Solvent System and Law
1. Pretreatment solvent on lignocellulose raw material

The three major components of lignocellulosic biomass, including cellulose, hemi-
cellulose and lignin, are intertwined to form a complex structure, which hinders
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the hydrolysis of cellulose. At the same time, because of the hydrogen bond, the
cellulose chains form a more compact crystalline region, which is an important
reason for the degradation and effective utilization of natural lignocellulose.

At present, the pretreatment methods of lignocellulose generally include
four categories: physical, chemical, physical-chemical and biological methods.
Physical methods mainly include grinding, as well as grinding and radiation;
chemical methods use acid, alkali and organic solvents and other raw materials;
physical-chemical method involves both physical and chemical processes, the
typical treatment being neat blasting; while biological methods use lignin-de-
grading microorganisms or enzymes such as laccases produced by them to
remove lignin to release its effect on cellulose.

Among them, the chemical method is mainly to cellulose, hemicellulose and
lignin swelling, and destruction of its crystalline structure, so that to destroy its
dense structure by degrading part of their components. Commonly used solvents
include acids, bases, ammonia and organic solvents. Acid can be concentrated
or dilute, the current dilute acid treatment process is more feasible. For example,
about 1% of the cellulose materials with dilute acid treatment in 106-110 °C for
several hours leads to hydrolysis of hemicellulose into monosaccharides and dis-
solution into the hydrolyzate while the lignin content remains unchanged. The
average degree of polymerization of cellulose decreases, and the rate of enzymatic
hydrolysis increases significantly in this process. The effect of alkali treatment is
to weaken the hydrogen bonds between cellulose and hemicellulose and the ester
bond between saponified hemicellulose and lignin. NaOH treatment can be used
as a pretreatment method, because it has a strong role of delignification. In the
ammonia treatment, the cellulose was immersed for 24-28 h with 10% mass frac-
tion to remove most of the lignin in the raw material. Some organic solvents can
dissolve lignin, the use of organic solvents or organic solvents without inorganic
acid catalyst (HCI or H,SO,) mixed solution can also damage the lignocellulose raw
materials within the lignin and hemicellulose in the connection between the bonds.
Common organic solvents, such as methanol, ethanol, acetone, ethylene glycol and
trivinyl alcohol, and organic acids, such as oxalic acid, acetyl salicylic acid and sali-
cylic acid in the organic solvent treatment process, can be used as catalyst.
Cellulose solvent
Due to the strong intramolecular and intermolecular hydrogen bonds, as well
as higher crystallinity, cellulose is difficult to dissolve and melt. The earliest
cellulose solvents in use are viscose solution and copper ammonia solution;
however, the traditional adhesive method, due to the addition of large amounts
of harmful substances such as CS, in the production process, caused serious pol-
lution. In order to solve this problem, many nontoxic, nonpolluting new solvent
systems made of cellulose have been developed and studied.

The dissolution of cellulose is divided into direct physical dissolution
(nonderivatizing solvent) and partial derivatization dissolution (the cellulose is
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Figure 9.7: Classification of cellulose solvents.

dissolved in the derivatized solvent). The latter often introduces new functional
groups in situ through the covalent bond to form fibrous intermediates. “Cellulose
intermediates” are hydrolyzed, unstable cellulose species that can be separated
from the derivatizing reagents. Soluble cellulose trifluoroacetate esters such as
cellulose and trifluoroacetic acid/trifluoroacetic anhydride can be separated
and re-dissolved in a typical organic solvent. Nonderivatized solvents include
single-component and multi-component systems. Figure 9.7 is the classification
of cellulose solvents, mainly divided into three categories, namely, derivatization
system, nonderivatized aqueous phase system and nonaqueous system. Among
them, the most commonly used systems are NaOH/CS2 (viscose method), copper
ammonia solution, NMMO, DMAC/LiCl, DMSO/PF and so on.

9.2.5 Biomass Structure Analysis Method

1.

Crystallinity analysis method

Cellulose is a homogeneous polycrystalline material. According to the X-ray
diffraction results, it has been found that there are four crystal forms of cellu-
lose, namely fiber home I, II, IIT and IV. The powder X-ray diffraction pattern of
their crystalline morphology is shown in Figure 9.8. The diffraction angles cor-
responding to the respective planes of the cellulose crystals are shown in Table
9.1. Natural cellulose, including bacterial cellulose, seaweed and higher plants
(such as cotton, lorillars and wood) belong to the cellulose of type I. The cellulose
of type I molecular chains are stacked in parallel in the unit cells, as shown in
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Table 9.1: The diffraction angles corresponding to the respective diffraction
planes of the cellulose crystal variants.

Crystal form Diffraction angle (26)/(degree)
110 110 020 012
Cellulose | 14.8 16.3 22.6
Cellulose Il 12.1 19.8 22.0
Cellulose Il 11.7 20.7 20.7
Cellulose 111, 12.1 20.6 20.6
Cellulose VI, 15.6 15.6 22.2
Cellulose VI, 15.6 15.6 22.5 20.2

(o) i/kL (g)
b
(b) (f)
(a)_ﬂJL @
5II1IOI1I5I2IOI2I5I3IOI3I5 5II1I0I1I5I2IOI2I5I3IOI3IS
26/(°) 26/(°)

Figure 9.8: Cellulose X-ray diffraction pattern: (a) castor cellulose I; (b) castor-derived cellulose lI;
(c) cellulose Ill,-derived cellulose IV; (d) cellulose prepared by liquid nitrogen IV,; (e) cellulose Il;
(f) cellulose Ill,; and (g) cellulose IV,

Table 9.1. According to the different sources of cellulose, their microfibril crys-
tallinity (Xc), crystal size (Dhkt) and parallel size (d) are significantly different.

Crystal structures of different types of cellulose can also be characterized using
infrared spectroscopy, Raman spectroscopy, electron diffraction and solid-state
cross-polarization/magic-angle sample-spinning nuclear magnetic resonance
(CP/MAS C NMR). Figure 9.9 shows the chemical shifts of the various cellulose
crystals (CP/MAS C NMR spectra, different crystalline cellulose C1, C4 and C6 are
listed in Table 9.2). From the *C NMR spectrum and Table 9.2, it can be seen that the
chemical shifts of C4 and C6 in different crystalline cellulose dextrose residues are
significantly different, reflecting the difference in their crystal structure, which is
due to the change in the chain conformation of different crystalline fibers. Crys-
talline piles are caused by differences in the effects of the glucopyranose units in
C4 and C6. There are also significant differences in the CP/MAS 2C NMR spectra of
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Table 9.2: Chemical shift ranges for different crystalline cellulose C1, C4 and Cé.

Crystal form 13C chemical shift/ppm

C1 C4 cé
I 105.3-106.0 89.1-89.8 65.5-66.2
] 105.8-106.3 88.7-88.8 63.5-64.1
11 105.3-105.6 88.1-88.3 62.5-62.7
Iy 106.7-106.8 88.0 62.1-62.8
Vi, 105.6 83.6-83.4 63.3-63.8
Vi, 105.5 83.5-84.6 63.7
(d

(®

©

(b)

(@

-

(e

120100 80 60 40 ppm 120100 80 60 40 ppm

Figure 9.9: Solid CP/MAS BC NMR spectra of cellulose I cluster and cellulose Il clusters. Cellulose |
cluster: (a) Ramie cellulose I; (b) Ramie-derived cellulose IlI;; (c) cellulose Ill,-derived cellulose IV;;
(d) cellulose IV, prepared by liquid nitrogen at —33 °C; cellulose licluster; (e) cellulose II; (f) cellulose
Il,; and (g) cellulose 1V,,.

cellulose I. Figure 9.10 is a mixture of several different sources of cellulose I. From
CP/MMAS C NMR spectrum, it can be seen that the fine structure of cotton and
linen cellulose and bacterial cellulose and Valonia cellulose on C1, C4 and C6 are
different, indicating that these two types of cellulose are around 1,4-glycosidic
bond, and that C5-C6 conformation, hydrogen bond or molecular stacking were
significantly different. For *C NMR analysis of natural cellulose from different
sources, it was found that cellulose I had two different crystal structures, namely

printed on 2/13/2023 6:03 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

258 —— 9 Green chemistry and chemical processes for biomass utilization

C(2,3,5)

c@ C(4)

(©

(b)

(@ Figure 9.10: CP/MMAS C NMR spectra
of different natural cellulose: (a) cotton;
) ) ) ) ) ) ) ) (b) Ramie; (c) bacterial cellulose; and
120 110 100 90 80 70 60 50ppm (d) Oakshell cellulose.

c@) C(4)

. L . Figure 9.11: ®C NMR spectra of C1 and C4 of
104 ppm 92 90 88 ppm  cellulose laand IB.

108 106

cellulose Ia and Ip. Figure 9.11 are the C1 and C4 BC NMR spectra of cellulose Ia
and IB. Maximum difference can be observed for the chemical shift in C1, Ia is a
single peak while Ip is a bimodal. The bacterial cellulose mainly has Ia crystal
structure, regenerated cellulose I is composed of almost pure If crystals. After

proper treatment, cellulose Ia can be converted to Ip.

printed on 2/13/2023 6:03 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

9.2 Properties and Analysis Methods of Main Components in Biomass = 259

2. Surface morphology analysis method

1

Electron gun |_

1
Condenser n ﬂ

Sample

Objective
lens

Transmission electron microscopy

The structure of the transmission electron microscope (TEM) includes an illu-
mination system, an imaging system, an observation and recording system.
Figure 9.12 shows the optical path device and imaging principle of the TEM.

The samples of the TEM are thin slices. When the electron beam hits
the sample, being easily permeable, some electrons are transmitted, called
transmission electrons; other electrons come into contact with the nuclei
and are scattered, and their movement direction and velocity change — these
electrons are called scattering electrons. Transmission electron microscopy
is the use of transmission electrons and partial scattering electron imaging,
which shows different degrees of contrast, mainly amplitude contrast and
phase contrast, with the amplitude contrast mainly including the scattering
contrast and the diffraction contrast. The scattering contrast is the main
cause of the amorphous formation contrast, and the diffraction contrast is
the main contrast of the crystalline sample. High-resolution electron micros-
copy is used to determine phase contrast.

The morphology and structure of the amorphous and crystalline pol-
ymers were observed by transmission electron microscopy, including the
morphology and size of the particles below the micron level, the molecu-
lar size and shape of the polymer molecules with large molecular weight,
the size of nanoparticles and the shape of the peeling and intercalation.
Figure 9.13(a) is a TEM photograph of carbon nanofibers.

n—

Middle image

Projection
mirror

Observation

Photographic

screen

plate

Figure 9.12: Schematic diagram of the optical path
device of transmission electron microscopy.
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(@) TEM

Figure 9.13: TEM (a) and SEM (b) photographs of carbon nanofibers.

2)

Scanning electron microscopy

The basic device of the scanning electron microscope (SEM) is shown in
Figure 9.14, which includes the electronic optics system, sample room, signal
processing and display system and vacuum system.

There are two main types of scanning electron microscopy: ® In
surface morphology contrast, the second power transmission, although
the number depends on the surface of the sample ups and downs; sharp
edges; small particles and the edge of the pit on the secondary electronic
yield have a greater contribution. @ Atomic number contrast: The amount
of secondary electron emission also depends on the atomic number of the
element, and the element with the higher ordinal number produces more
secondary electrons. Therefore, for the polymer material composed of ele-
ments such as C and H, it is necessary to sputter-layer the heavy metal
(Au, Ag, Pt, etc.) conductive layer on the surface of the sample in order
to increase the emission amount of the secondary electrons. The general
sample preparation process of SEM samples involves: drying, mounting
with sticky tapes, coating with gold and observation. Most of the natural
polymer materials are composed of elements of low atomic number, such
as C, H, O, N and other elements and the vast majority of insulating mate-
rials leads to the need to spray a layer of conductive layer in the sample
surface, generally gold, platinum or carbon.

SEM can be used to observe the surface and internal structure and mor-
phology of natural macromolecular materials, the surface morphology and
size of microspheres and microfibers, the two phases of blending polymers
and dislocations in materials. Figure 9.14 (1) consists of SEM photographs of
carbon nanomaterials.
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Figure 9.14: Schematic diagram of the instrument structure of a scanning electron microscope.

9.2.6 Biomass Composition Analysis Method

1. Determination of Molecular Weight and Degree of Polymerization
There are many ways to measure the molecular weight of cellulose, each having its
own advantages and disadvantages and applicable molecular weight range. The
statistical mean values of the molecular weights measured by various methods
are not the same. Table 9.3 lists the various molecular weights. Mostly, the cellu-
lose material to be tested is dissolved in a cellulose solvent and then measured
using the resulting cellulose solution.

1) Boiling point rise and freezing point method

Since the vapor pressure of the cellulose solution is lower than that of pure
solvent, the boiling point of the solution is higher than that of the pure solvent
and the freezing point of the solution is lower than that of pure solvent.

It can be seen from thermodynamic reports that the boiling point eleva-
tion value ATb and the freezing point decrease value ATt of the solution are
proportional to the concentration of the solution and inversely proportional
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Table 9.3: Measurement significance and range of various molecular weight determination methods

Methods Type of average Determination of  Type of
molecular relative molecular methods
weight mass range

Vapor pressure dropping method M, 2 x 104 x 10* Relative law

Boiling point rising method M, 3 x 104 Relative law

Freezing point depression method M, 4 x 104 Relative law

Osmotic pressure method M, 2 x 10%-5 x 10° Absolute law

Terminal group determination method M, 5x10° Absolute law

Light scattering method M, 5x 103-5 x 10° Absolute law

Sedimentation balance method by MM, 1x10%-1x10° Absolute law

supercentrifuge

Sedimentation rate method by Various averages 1 x 10%~1 x 107 Absolute law

supercentrifuge

Viscosity method M, 1x10%-1x 107 Relative law

Gel permeation chromatography method Various averages 1 x 10°~5 x 10° Relative law

to the molecular weight of the solute. Therefore, the molecular weight of the
cellulose can be determined by measuring the boiling point and freezing
point of the solution.

2) Vapor pressure drop method
The solvent molecules are continuously subjected to irregular movement,
and their movement depends on the temperature, since the movement of
the molecules in the liquid phase into the gas phase results in liquid vapor
pressure. If cellulose is added as a solute, the solute molecules can block
the meta-regular movement of the solvent molecules, thereby lowering the
vapor pressure. The molecular weight can be measured by measuring the
vapor pressure drop after the cellulose is dissolved.

3) Osmotic pressure method
When the solvent pool and the solution cell are separated by a layer of sem-
ipermeable membrane it allows only the solvent molecules to pass through
and does not allow the solute molecules to pass through, resulting in liquid
column height difference. At this time, the solvent in the solution tank will
also reverse osmosis into the solvent pool. When the liquid column height
difference reaches a certain value, the number of solvent molecules returned
by reverse osmosis per unit time is exactly equal to the unit time permeat-
ing the solvent pool into the solution tank. The number of solvent molecules
reaches the balance of permeation. Meanwhile, the pressure generated by the
liquid column height difference between the solution and the solvent pool is
the osmotic pressure. This osmotic pressure produces different osmotic pres-
sures due to the molecular weight of the cellulose polymer, so this method is
used to determine the molecular weight of the fiber cord.
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4) Light scattering method

5)

6)

When a beam passes through a medium, the phenomenon of varying light
intensity can be observed in all directions outside the direction of the inci-
dent light, called scattering. Usually, the light intensity of the scattered light
in the polymer solution is much larger than that of the pure solvent, and
the scattered light intensity also increases with the increase of the molecular
weight and the solution concentration of the cellulose, and is related to the
particle size and shape of the solute.

Ultracentrifugation method

The molecules in the suspension will gradually sink in the gravitational
field. From the speed of settling, the mass of suspended particles can be
calculated. The mass of the suspended particles can be calculated from the
rate of settling. However, the solution formed by the cellulose molecule is a
polymer solution and must be allowed to settle in a very strong force field.
Therefore, it is necessary to use the ultracentrifuge to produce a large centrif-
ugal force to allow the cellulose molecules to settle.

Viscosity method

Viscosity refers to the internal friction when liquid flows. When the internal
friction is large, the liquid has a larger viscosity and a slower flow. On the
contrary, when the coefficient of viscosity is small, the flow is faster. The vis-
cosity method is a method in which cellulose or its derivatives are dissolved
in a solution, and then the viscosity of the solution is measured to calculate
the molecular weight and degree of polymerization of the cellulose. The vis-
cosity of the solution is related to the molecular weight of the cellulose, and
also the structure, morphology and degree of expansion in the solvent.

2. Degradation of the product after analysis

The low-molecular-weight organic compounds of the polymer material after com-
plete or almost complete degradation can be identified by infrared spectroscopy,
gas chromatography, liquid chromatography and nuclear magnetic resonance.
This section does not elaborate these methods.

9.3 Chemical Conversion Principle of the Key Components
of Biomass

9.3.1 Chemical Conversion of Cellulose Components

The cellulose molecule has three active hydroxyl groups, which may undergo a series
of hydroxyl-related chemical reactions such as esterification, etherification, graft
copolymerization and cross-linking. Through these reactions, cellulose can be syn-

thesized into a range of cellulose derivatives.
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Cellulose Acetate
Cellulose acetate, also known as cellulose acetate ester, is obtained from the acetox-
ylation of the fiber, hence it is also called acetyl cellulose. The three hydroxyl groups
on the cellulose glucose residue are almost completely esterified to give triacetate
or cellulose triacetate with an esterification degree of 3 and acetic acid content of
60.5-62.5%. Triacetate cellulose hydrolysis with esterification degree of 2.0-2.7, and
acetic acid content of 48.8-58.8%, can be converted to cellulose diacetate.
Cellulose acetate is an ester produced from acetic anhydride and hydroxyl
groups in cellulose. The reaction is as follows:

CH; CO~_

CeH,0,(0H); + 3
of70,(0H); CH;C0”

0 —» CgH;0,(0COCHS,); + 3CH;COOH

Cellulose acetate is a white solid, with characteristics of flexibility, transparency,
good gloss, high strength, good toughness, good melt flowability, easy molding,
thermoplasticity, etc. It is the largest output of all kinds of cellulose derivatives
currently produced in the industry. Important varieties are widely used in fibers,
film, paint and many other fields.

Hydroxyethylcellulose

Hydroxyethylcellulose is a nonionic soluble cellulose ether prepared by etherifica-
tion of basic cellulose and ethylene oxide. Its formula is [C;H,0, (OH) 20CH,CH,0H],,
(where n > 100, represents the degree of polymerization of cellulose), and it is a
white or light yellow, tasteless, nontoxic fibrous or powdered solid. The total reac-
tion formula for etherification in a mixed solvent of base is as follows:

(DNaOH® Solvent
—_—

n[C¢H,0, (0OH),] + CH, — CH
[CeH;0, (OH),] 2 2 7 3 Acetic acid

0]

[C¢H,0, (OH),0CH,CH,0H],,

The average molecular weight range of hydroxyethyl cellulose ranges from
6.8 x 10* at low viscosity to 8 x 10¢ or more at high viscosity, and it can be used as
thickener, binder, stabilizer and film-forming material. At present, foreign coun-
tries mainly apply paints, oilfields, building materials, and polymerization reac-
tions; domestically, they are mainly used in textiles, building materials, etc.
Carboxymethylcellulose

Carboxymethylcellulose is a cellulose ether produced by the action of natural cel-
lulose under the action of sodium hydroxide and chloroacetic acid. The important
reaction is that of cellulose and sodium hydroxide aqueous solution to produce
alkali cellulose; alkali cellulose and sodium chloroacetate undergo etherification
reaction to form carboxymethyl cellulose. The main chemical reactions are:

(1) Alkalization, where cellulose reacts with alkaline water to produce alkali

cellulose:

[C¢H,0, (OH);],,+ nNaOH — [C¢H;0, (OH),0Na],, + nH,0
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(2) Etherification, where alkali cellulose and sodium chloroacetate undergo
etherification reaction:

[C¢H,0, (OH),0Na],, + nCICH, COONa —= [C¢H;0, (OH), OCH, COONal,, + nNaCl

Carboxymethyl cellulose is an anionic surfactant; it is a white or light
yellow powder, nontoxic, odorless, tasteless, hygroscopic, insoluble in
acid and methanol, ethanol, ether, acetone, chloroform and benzene and
other organic solvents. It is easily soluble in water and colloidal in water.
Its aqueous solution has functions of emulsification, thickening, film forma-
tion, bonding, moisture retention, colloid protection and suspension. The
maximum theoretical value of substitution is 3, which determines its solubil-
ity and stability. When the degree of substitution is above 0.8, its acidity and
salt tolerance are better.

Carboxymethyl cellulose is widely used in detergents; foodstuffs; tooth-
paste; textile printing and dyeing; papermaking; mining; medicine; oil drill-
ing; manufacture of petroleum, building materials,, ceramics, electronic
components, rubber, paint, pesticide, cosmetics, leather, and so on.

9.3.2 Chemical Conversion of Hemicellulose Components

The distribution of hemicellulose in plants varies according to plant species, matu-
rity, cell type and morphological location. For example, the content of hemicel-
lulose in coniferous wood is 15-20%, mainly galactose grape mannose, while the
content of broadleaf and gramineous grass is 15-35%, mainly polyglucose. In addi-
tion, the light cells of the needle and the broad-leaved plants have more poly-xylose
than the tube cells and fibroblasts. In the middle layer of the secondary wall of soft-
wood cells, the content of xylan was the lowest, but it was higher in the secondary
and outer layers of the secondary wall, whereas the distribution of galactomannan
was the opposite. Therefore, the process of chemical conversion to hemicellulose is
mainly divided into the conversion process of hexose and pentose.
1. Chemical transformation of hexose
The hexose present in the pre-hydrolyzate can be used to produce alcohol
(ethanol) and sorbitol (hexavirol). Glucose, mannose and galactose can be fer-
mented to produce alcohol, This is the main direction of the current compre-
hensive utilization of hexose. This method can not only obtain alcohol, but also
reduce the sugar content in lignosulfonate. The reaction is as follows:

Fermentation

C,Hp0g — 2C,H;0H + 2C0O,»

The reaction produces CO, which can be made into dry ice.
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Hexose can also be reduced to sorbitol; for example, glucose with nickel as
a catalyst can undergo hydrogen reduction at 120-130 °C to yield sorbitol, the
reaction is as follows:

CH,0H(CHOH),CHO CH,OH (CHOH),CH,0H

N,H
—_—
12.0 ~ 12.5 MPa

Sorbitol is sweet and has a soft taste and can be used as a sweetener for confec-
tionery. Its industrial application is very rich. For example, it can be used as a
raw material for manufacturing and vitamin C, and a substitute for glycerol. It
can also be used to regulate humidity in the production of coated paper, drown
or break the cigarette in the production of cigarettes. In addtion, it can be used as
Additives such as toothpaste, food, and cosmetics can also be used for the pro-
duction of paints, surfactants, and plasticizers.

Chemical conversion of pentose

The reaction chamber was heated with a dilute acid under high pressure to distill
off the furfural, and the reaction was as follows:

Dilute acid
(CsH30,) + nH,0 ——» nCsH,,05

Dilute acid (|:|H — (l:lH
C:H{(Os——
sH005 T 0 C—CHO
temperature "\

0

Furfural

+3H,0

Corn cob, sugar cane bagasse, cottonseed hull and waste wood are used as raw
materials in industries in the hydrolysis of xylan, which after dehydration leads to
the formation of furfural. Furfural can be used for the refining of lubricating oils,
and can also be used for the production of solvents, furan resins, nylons, etc. It is
an important chemical raw material.

In addition, xylan can be made into crystalline xylose or xylose syrup by
hydrolysis. Xylose is used in the manufacture of candy, and in canned fruit and ice
cream industry. The human body can only digest 15% to 20% xylose, while animals
can digest 90% of xylose, animals require high-calorie food. Agricultural by-prod-
ucts, especially corn cob, are good raw materials for the production of xylose. With
0.1-0.25% dilute sulfuric acid, hydrolysis of corn cob can be used to obtain a high
yield of xylose. The pretreatment of corn cob at 140 °C for 90 min can remove part
of the ash, water-soluble sugar and protein, which is beneficial to improve the
yield and purity of xylose. The yield of xylose can reach 15% and the purity can
reach 94%. Hydrolysis with xylose produces better results than acid hydrolysis.

Xylose can be reduced to xylitol by hydrogenation, the reaction is as
follows:
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Hf?:o (liHZOH
H—C—OH H—C—OH
| Na,H 9 - 10MPa |
—C— e e —(—
HO (|: H Aqueous 120 ~ 130 "CHO (|: H
H—C—OH solution H—C—OH

|
CH,0H CH,0H

Xylitol is odorless, white, heat-stable crystalline powder, and its sweetness and
calorie contents are the same as sucrose. The metabolism of xylitol is not con-
trolled by insulin and it is suitable for consumption by diabetic patients. Xylitol
cannot be used by oral bacteria, so it does not cause dental caries and is suitable
for applications in chewing gums. Xylitol can also be made into injections that
can be used as anti-keto agents and metabolic correctors.

Xylose with a density of 1.2-1.4 g/cm? nitric acid at 60-90 °C can undergo
oxidation for 2-3 h to produce trihydroxy glutaric acid; the reaction is as follows:

H—C=0 CooH coon
—C— —C— —C—
H—C—OH o H—C—OH o H—C—OH

HO—C—H ————* HO—C—H ———= HO—C—H

] 60 —90°C | 60 -90°C |

H—C—OH H—C—OH H—C—OH

CH,0H CH,0H COOH

Three hydroxy glutaric acid

Trihydroxy glutaric acid has a pleasant sour taste, so in the food industry it can
replace citric acid; it can also be used in the preservation of plasma, and also as
a stabilizing powder.

9.3.3 Chemical Conversion of Lignocellulosic Components

1. Lignin amine
Hydrogen atom in Lignin molecules are relatively active in aldehyde, ketone and
sulfonic acid, with which Mannich reaction could take place. The Mannich reac-
tion is a reaction in which the active hydrogen atom is substituted with an amine
methyl group, and the amine compound is condensed with an aldehyde and a
compound containing an active hydrogen atom, and the reaction is as follows:

N—H+—C—H+Z—C—H—>Z—C—CH—N + H,0

N | |
4 |

When the lignin is subjected to the Mannich reaction, the ortho and para positions
of the phenolic hydroxyl groups on the benzene ring and the hydrogen atoms at
the a position of the carbonyl group on the side chain are more active and react
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easily with the aldehydes and amines to form lignin amines. Depending on the
amine groups involved in the reaction, they can be divided into primary amine
type lignin amine, secondary amine type lignin amine, tertiary amine type lignin
amine, quaternary amine type lignin amine and polyamine type lignin amine.
Take the primary amine type lignin amine as an example:

Lingnin Lingnin
Na;C,H;OH
+ CH,=CH—CN —» _—
CH50 CH;0
OH 0—CH,—CH,—CN

Lingnin

CH;0
O0—CH,CH,NH,

The strong surface activity of lignin amines makes it useful as an emulsifier for
emulsions, flocculants and the like.

2. Lignin alcohol ether
In the lignin molecule, access to ethylene oxide or propylene oxide can change its
surface activity, and greatly broaden its scope of application. The reaction prin-
ciple is as follows:

|
—C— OCH, —C— OCH;
[ ] /0N [ 0N
—C—C OH + CICH,CH — CH, + NaOH—» —C—C OCH,CH CH,+ NaCl + H,0
[ | [
—C— OCH;
[ | /0N Na(OH
—cl —(lz OCH,CH— CH, + HOCH,CH,CH,CH; ——»
OCH,4
[ ||
—?—C—C OCHZ(le— CH,0CH,CH,CH,CH,

OH

Lignin alcohol ether as a nonionic surfactant has a better ability to reduce the
surface tension of aqueous solution, and has a good emulsifying power.
3. Lignosulfonate

Lignosulfonate is produced directly from the sulfite pulping process and can
also be obtained by sulfonation of alkali lignin. Its structure is very complex, see
Figure 9.15 for its partial structure.

Lignosulfonate has good water solubility, dispersibility, adhesion and surface
activity.
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Qm
H5CO

0

|
0 CH—CH—CH,—0
| Figure 9.15: Schematic diagram of lignin
S0sM " sulfonate.

Anionic surfactant lignosulfonates are synthesized by sulfonation modification;
cationic hydrophilic groups can also be synthesized on lignin to yield cationic
surfactants. In addition, lignosulfonate can also be synthesized through oxida-
tion, formaldehyde condensation, graft copolymerization and other chemical
modification methods and used to prepare new surfactants, thereby enhancing
product performance.

9.4 Principle and Technology of Clean Separation of Biomass
Components

Lignocellulose is mainly composed of cellulose, hemicellulose and lignin, com-
bined among the molecules by different binding forces. The binding force between
molecules of cellulose and hemicellulose, cellulose and lignin is mainly hydrogen
bond. Apart from hydrogen bonds, there still exists a chemical bond between hemi-
cellulose and lignin. Efficient separation of three components is required before
using lignocellulose. Therefore, separation and transformation are two key techni-
cal steps in biomass energy conversion and separation technology. That is to say, the
full utilization of agricultural and forestry waste material relies on effective compo-
nent separation.

9.4.1 Basic Principles of Separation of Components

At present, there are some disadvantages related to the separation technology for
lignocellulose. (1) In the extraction of a target component, the structures of other com-
ponents are severely damaged. The structure of cellulose, hemicellulose and lignin
components obtained is incomplete, their chemical or biological reactivity is low and
they cannot be effectively used; (2) serious environmental pollution is caused in the
process of separation. For example: In order to get high purity cellulose, hemicellu-
lose and lignin will be dissolved by using the solubility and catalysis action of acid
which is aim to destroy the mutual connection between cellulose, lignin and hemi-
cellulose in acid pretreatment process. In the process of dissolution of hemicellulose
and lignin, the structure of the material will become loose, and the crystal structure
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of cellulose will be damaged, so that the efficiency of cellulose hydrolysis, enzymatic
hydrolysis is improved [12, 13].

Recent research suggests, to solve the key problems related to the complexity of the
cell wall structure in total component separation and for the development of new sep-
aration method, a detailed study of their ultrastructure at the molecular level is essen-
tial. In recent years, a new concept, biorefinery, which based on the understanding
of the biomass of all components utilization and process economy, were put forward,
even the utilization of lignin and hemicellulose in the process of cellulose separation
is considered. In theory, a single chemical separation method can lead to changes in
structure and properties because the components of lignocellulose are closely con-
nected. However, low-strength processing technology, as well as one-step or two-step
processing technology can be used to achieve an efficient and clean separation of com-
ponents while maintaining the structure of hemicellulose and lignin [14, 15].

9.4.2 Component Separation Based on Steam Explosion

9.4.2.1 Steam Explosion

As a kind of physical and chemical method with less or no chemicals, no pollution
to the environment, low energy consumption, steam explosion is a technology of
pretreatment lignocellulose with rapid development, more effective and low cost in
recent years. This method can fracture the biomass structure through the thermal
physical and chemical processes (shearing force of hot steam, water blasting, and
the hydrolysis of glycosidic linkage). That is softening of lignin under high pressure
and high temperature, and then quickly decompress to fracture the cellulose crystals,
to achieve the separation of lignin and cellulose. Blasting can make the connected
bonds within and between molecules of molecular lattice of lignocellulose breaking,
hemicellulose was dissolved, while a small amount of lignin was dissolved.

Steam explosion is a pretreatment method of biomass developed by W.H. Mason
in 1928, in which the raw material is humidified to 0.69-4.83 MPa by 160-260 °C sat-
urated steam, and the conditions are maintained for a few seconds to a few minutes,
after which the mixture is suddenly depressurized to atmospheric pressure. In the
process of steam explosion, high pressure steam infiltrated the fiber interior, then
released from the closed hole in airflow. It would make the fiber partial mechanical
fractured and the destruction of internal hydrogen bonding was intensified under
high temperature and high pressure. That aims to release new free hydroxyl group, the
ordered structure of cellulose is changed.

Different steam explosion temperatures and retention times are needed for dif-
ferent materials, in order to achieve efficient separation of hemicellulose, lignin and
cellulose, and thus to achieve better conversion of cellulose by hydrolysis.

The method has the following advantages: it is energy saving — compared with
mechanical crushing method, steam explosion can save 70% of the energy; no pollution
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is caused and the method achieves high enzymolysis efficiency; blasting does not need
the addition of any catalyst, and the conversion of cellulose was found to be 90%
after pretreatment; the method has wider applications - it can be used for a variety
of plant biomass, pretreatment conditions are easy to adjust, and the inhibitor pro-
duced during steam explosion can be controlled by adjusting the conditions of steam
explosion; hemicellulose, cellulose and lignin can be separated in stages (as water-
soluble, alkali-soluble and alkali-insoluble components). Its disadvantage include:
it will damage part of xylan in processing, and the aldehydes formed by five-carbon
sugar degradation have an adverse effect on the subsequent biological treatment; the
pretreatment materials need a large amount of water to remove the inhibitor and water-
soluble hemicellulose, therefore reducing the total sugar yield; and the operation of
steam explosion involves high-pressure equipment, higher investment costs [16-20].

9.4.2.2 Ammonia Fiber Explosion

Ammonia fiber explosion (AFEX) method is similar to steam explosion; in this
method the lignocellulose are treated under high temperature and high pressure,
then suddenly decompressed to fracture the cellulose crystals. In typical process
of AFEX, the treatment temperature ranges from 90 to 95 °C, maintenance time
is 2030 min and PH less than 12. The hemicellulose and lignin can be partially
dislodged by this method; the crystallinity of cellulose can be reduced, further
increasing the contact between cellulase and cellulose; and it can cause the swell-
ing of cellulose and the change of crystal structure, i.e., convert cellulose (I) into
cellulose (IT). The AFEX method is highly efficient for pretreatment of herbaceous
crops and its agricultural waste, moderately efficient on hardwood, but not suita-
ble for cork wood.

AFEX treatment is different from other pretreatment methods in that: After
AFEX treatment, hemicellulose can not be effectively dissolved, so its components
of biomass materials has little difference with untreatment. Cellulose and hemicel-
lulose seldom or could not be degraded after ammonia fiber explosion treatment; it
does not produce fermentation inhibitors, the material after the treatment did not
need to neutralize before enzymatic hydrolysis; the expense of ammonia explosion
equipment is lower than that of acid treatment — hydrolysate can directly ferment
without treatment, and residual ammonium salts can be used as nutrient for micro-
organisms; ammonia destroys the crystalline structure of cellulose and increases
hydrolysis rate of cellulose; ammonia fiber explosion equipment is basically the
same as steam explosion equipment, in addition, it needs a recovery device of
ammonia compression, so the investment cost is high.

9.4.2.3 Acid Gas Explosion
Acid gas explosion is used to add acidic gas in the process of steam explosion
pretreatment for improving the efficiency of pure steam explosion, the primary
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saccharification rate and subsequent rate of hydrolysis of cellulose and hemicellu-
lose. After explosion, change of the lignin structure is not very clear, but the original
structure has obviously changed, lignin forms more aggregates. Reactive groups in
alpha position, such as hydroxyl groups, are oxidized to carboxyl groups, or produce
a methoxyl group, and the formation of the C-C bond leads to disappearance of alpha
activity. Commonly used acid gases are CO,, SO, and so on.

In the process, acid formed by partial acid gas was found to promote hydrolysis.
The process significantly improves the degree of hydrolysis of hemicellulose, and
there is no inhibitor of microbial fermentation produced in the process. Its cost is
higher than that of steam explosion, but lower than the ammonia fiber explosion.
Walsum [21] pretreated maize straw through carbon dioxide explosion, and found
that xylose and furanose yields were significantly higher than that obtained
with steam explosion after hydrolysis, the effect of treatment is associated with
pressure.

The chamber of the steam explosion equipment is composed of a cylinder, the
upper part is sealed by the cover, and the lower part is sealed by a static steam seal
system, and the sealing system is operated by compressed air to control the opening
and closing of the chamber. The cavity is connected with the steam generator
through a valve, the pressure of the steam generator and the explosion chambers are
respectively displayed by two pressure gauges, which is used for controlling pressure.
In the biomass steam explosion pretreatment, first the cavity of the steam explosion
equipment on the cover is opened, then the biomass added, cavity cover is closed, the
steam is passed into the cavity to a set pressure and pressure is maintained for a set
period of time, after which it is released. The steam works to push the material through
the open lower cover to the collection room, and complete the blasting process.

9.4.3 Component Separation Process Based on Alkali Peroxide System

Alkali oxidation is a new method developed for pretreating lignocelluloses, it has the
characteristics of requiring mild reaction condition, causing little pollution and pro-
ducing better treatment effects. The study of alkali oxidation is mainly focused on the
crop straw.

In this method the mixed solution of hydrogen peroxide and sodium hydroxide
is used as pretreatment solution. Sodium hydroxide can destroy the ester bond and
ether bond linkage between hemicelluloses and lignin, and cause the reduction of
the bonding force between fibers. Therefore, it is more effective in dislodging the gum
from raw materials and can partially degrade hemicelluloses and lignin, to destroy
the lignin structure of raw materials. Swelling of cellulose will happen under alkaline
conditions. The effect of hydrogen peroxide is mainly to produce peroxy radical for oxi-
dizing lignin. Hydrogen peroxide is stable in acidic environment, but it is very unsta-
ble and easy to dissociate under alkaline conditions. Thus, in a mixture containing
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hemicelluloses and lignin, the basic conditions provided by sodium hydroxide can
promote the dissociation of hydrogen peroxide; although the oxidation ability of
peroxy radical ions is weaker than that of hydrogen peroxide, it has higher activity
to its electrophilic center, and therefore, lignin can be more efficiently oxidized and
dissolved. Moreover, hydrogen peroxide can oxidize the phenolic compounds formed
by degradation of lignin, and further improve lignin oxidation, and this oxidative
degradation can make the fiber cellulose further exposure to alkali environment, the
moistening effect becomes more obvious, both have synergistic effects.

When using sodium hydroxide alone, a part of the lignin and a small amount
of hemicellulose components can be removed without changing the composition
of cellulose. While using hydrogen peroxide alone under normal temperature and
pressure, only a small fraction of lignin is removed, but the cellulose and hemicel-
lulose components do not change significantly. Under combined conditions, the
degree of lignin degradation is higher than when used alone, and a small part of cel-
lulose is removed, but the loss of hemicellulose components is minimum. Because
hydrogen peroxide is a weak binary acid, ionization in aqueous solution is as follows:
H,0,»H*+HOO", and HOO- is a nucleophile, which can further initiate hydrogen per-
oxide forming free radicals: H,0,+ HOO-—> HOO-+HO-+OH™ If alkali is added to hydro-
gen peroxide, hydroxyl ions can neutralize hydrogen ions produced by ionization
of hydrogen peroxide. This makes the concentration of HOO™ increase, thus further
increasing the degradation ability. But the hydrogen ion produced by ionization of
hydrogen peroxide neutralizes the hydroxyl ions of alkali, decreasing the solubility of
hemicelluloses in alkali.

9.5 Green Process for Chemical Utilization of Biomass

With the development of economy, there is a growing need for a variety of chem-
icals; at the same time, there is also accelerated consumption of the one-off
resources (e.g., coal and oil). Thus, the management of resources has become a
common concern across the world. A huge amount of biomass resources, such as
lignocellulose, can be constantly regenerated, and play an important role in sus-
taining energy and resources in future. So far, the degree of utilization of biomass
resources has been very low. Only a small part of them, less than 1.0% of the total,
is used as raw material in papermaking, feed and preparation of chemicals. If
these resources can be converted into a wide range of basic chemicals, it will have
a profound significance in solving two current problems of managing resources
and energy.

Chemical conversion of biomass is the process by which biomass is degraded by
chemical methods and then produces other chemicals. The main focus of the research
on the green chemical conversion of lignocelluloses is the preparation of environmen-
tally friendly chemicals through the green conversion processes [22].
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9.5.1 Ethanol Produced from Biomass

Ethanolis animportant organic chemical, mainly used as solvent, fuel and preservatives.
The conventional method of preparing ethanol is via grain fermentation. In modern
chemical industry, ethylene from petroleum cracking is generally used as raw material
for preparation of ethanol by hydration. Since 1970s, the rapid development of biofuel
industry characterized by usage of ethanol as fuel, especially the first generation of fuel
ethanol with sugarcane and corn has been industrialized. The total global output of fuel
ethanol is about 58 million 600 thousand tons in 2009, an increase of 12.7% over 2008,
of which the United States accounted for 54.1%. By 2030, the output of biofuel will be
expected to reach 120 million tons, and accounted for 5% of total amount of transporta-
tion fuel consumption. However, with the growth of demand for fuel ethanol, which is
produced based on grain as raw mate rials, we will face the contradiction of “Competing
food with mankind, and need more land to grow grain.”, therefore, fuel ethanol from
grain is partially controlled and large-scale production is constrained.

Fuel ethanol prepared from lignocellulose biomass is the second generation of
biomass energy, often called bioethanol, by virtue of its properties of being clean, cheap,
safe and environmentally friendly. Thus, it has become the most promising source of
energy, and the focus of research and utilization of biomass in recent years. Using lignocel-
lulose biomass to produce cellulosic ethanol can not only alleviate the shortage of energy,
but also solve the problem related to raw materials for fuel ethanol production; further-
more, the usage of cellulosic ethanol can also reduce greenhouse gas emissions [23, 24].

The preparation method consists of first converting biomass to fermentable
sugars, then using microbial agents to convert sugar into ethanol by fermentation.
The fundamental bioprocess for preparing bioethanol can be divided into four parts:
pretreatment, hydrolysis, fermentation and purification. At present, a variety of pre-
treatment methods have been developed with specific characteristics. The hydroly-
sis process is using acid or enzyme to hydrolyze the polymer, then makes it soluble
monosaccharide. Enzyme hydrolysis, which has a high conversion rate, close to the
theoretical value, is considered to be the most promising commercial hydrolysis
method. The fermentation process is used for transforming hydrolyzates (pentose and
hexose) to ethanol by microbial fermentation. Product purification is used to get pure
ethanol through distillation, etc. Differences between bioethanol preparation process
and the traditional ethanol fermentation lie in the fact that biomass hydrolysate often
contains components which are harmful to microbial fermentation and the content
of five-carbon sugar is relatively high. The removal of fermentation inhibitors and the
use of five-carbon sugar is the key problem which needs to be addressed in studies on
the development of bioethanol production [25].

Pretreatment is the key step determining the commercialization of ethanol from
biomass, and is one of the most expensive steps in the whole process. It has a great
influence on the size of raw materials in the process of enzymatic hydrolysis and
fermentation. If the pretreatment achieves good separation, less enzyme is used
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in hydrolysis. The purpose of pretreatment is to destruct the internal structure of
biomass which hinders saccharification and fermentation, to break the lignin pro-
tection on cellulose and crystal structure of cellulose, to provide full contact of raw
material with the biological enzyme, in order to achieve good hydrolysis effects. The
criteria for evaluating the effectiveness of pretreatment methods include the follow-
ing: need to crush the raw materials before the pretreatment; its ability to retain the
pentose structure in hemicelluloses; its ability to limit the production of fermentation
inhibitors; energy consumption, etc. [26, 27].

Pretreatment methods commonly used for preparing bioethanol are of four kinds:
physical method, chemical method, physical and chemical method and biological
method. The physical method mainly refers to mechanical crushing method, which has
shortcomings such as high energy consumption, high cost and low efficiency. The chem-
ical method mainly refers to the use of acid, alkali and organic solvents as pretreatment
catalyst to destroy the covalent bond between lignin and hemicelluloses, break down
the crystal structure of cellulose and promote the dissolution of cellulose. The physi-
cal and chemical method mainly is of two kinds, steam explosion and ammonia fiber
explosion, which were detailed Section 5.4. The biological method is the use of micro-
organisms and other bacteria to degrade lignin; these microbes can produce enzymes
that selectively degrade lignin in the pretreatment step. Because the activity of lignin
enzyme is low, and it needs a long period time, its development is slow [28].

9.5.2 Butanol and Acetone Production from Biomass

The microbial production of acetone and butanol relates to the discovery of fermen-
tation. In 1861, Pasteur observed that butanol appears as a by-product during the fer-
mentation of butyric acid from lactic acid or calcium lactate. In 1914, Dr. Weizmann
successfully isolated and obtained Clostridium acetobutylicum, a bacterium which
can ferment all kinds of starchy materials to yield butanol, acetone and ethanol in
ratio 6:3:1. At the beginning of the twentieth century, the rapid developments in the
automobile industry resulted in insufficient supply of natural rubber, this even pro-
moted research on synthetic rubber. At that time the British discovered that acetone,
when used as raw material, can yield rubber when reacted with isoprene on polymer-
ization. Butyl alcohol, when used as raw material, was found to yield synthetic rubber
through polymerization with 1, 3-butadiene. The increased demand for acetone during
First World War stimulated the development of acetone and butanol via fermenta-
tion. In 1914, the British established the first fermentation factory for the synthesis
of acetone. After the First World War, a process for synthesizing butyl acetate from
butanol was developed by DuPont Company; butyl acetate can be used as an excel-
lent solvent for nitrocellulose lacquers. In 1945, the United States began to use sugar
honey as raw material for producing acetone and butanol, and develope their new
uses. At the end of 1960s, with the development of petrochemical industry, acetone
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and butanol fermentation process was eliminated due to low cost advantage of the
petrochemical industry. But the oil crisis and renewable biomass utilization made
the acetone-butanol fermentation technology have been gained attention again [29]

Lignocellulose was hydrolyzed by acid catalysis, and then the hydrolyzate was
used for microbial fermentation to yield butanol. Because the composition of mon-
osaccharide in hydrolyzate of lignocellulose is complicated, it requires that the
microbial are worse specific for all monosaccharides, and its utilization efficiency is
high. The fermentative microorganism use monosaccharide produced by hydrolysis
as carbon sources for acetone and butanol fermentation. Clostridium acetobutylicum
can digest five-carbon sugar. This feature determines that acetone-butyl alcohol fer-
mentation is more suitable for the combination with the cellulose hydrolysis technol-
ogy, because the utilization efficiency of monosaccharide is higher

The traditional methods to produce acetone-butyl alcohol involved batch fer-
mentation and distillation-extraction processes, which gave low yield, showed
reduced energy efficiency and poor competitiveness. The main problem is that the
energy consumption of separation of low concentration products becomes large. The
fundamental way to enhance competitiveness of acetone-butanol fermentation is to
enlarge the concentration of acetone-butanol in fermenting liquid and develop low
energy consumption process. An improved production process of acetone-butanol
fermentation mainly has extractive fermentation, gas stripping fermentation, per-
vaporation and fermentation of cheap raw materials.

The process of extractive fermentation involves the separation of fermentation
product acetone-butanol from the fermentation broth using an extractant. The key to
increasing the effectiveness of this method is to select the extractant with high sepa-
ration factor and no toxicity to microorganisms. Studies show that enhanced butanol
production is achieved when biodiesel was used as the extractant.

The stripping method allows an inactive gas to pass through the diluents, strip-
ping the given component into its gas phase, so as to achieve the simultaneous sepa-
ration of acetone and butanol.

Pervaporation is a new membrane separation method involving low energy con-
sumption. This technology is applied to the separation of liquid mixtures, and has
a bright future in separation of acetone-butyl alcohol for its characteristics of high
separation efficiency and low energy consumption of pervaporation.

9.5.3 Polyols Production from Biomass

Biomass compounds called polyols refer to the polyhydroxy compounds from C, to Cs,
including xylitol, mannitol, sorbitol, maltitol, glycerin and ethanediol. The raw mate-
rials for the traditional preparation of polyol were derived from petroleum and natural
gas resources, but a renewable biomass can also be used as raw material to prepare
polyol, making the research on biomass-based polyols more and more attractive.
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Initially, polyol was used in food and pharmaceutical industries, but with the increas-
ing emphasis on polyol and the development of industrial production technology,
polyol has now been widely used to prepare polyurethane materials, paraffin, hydro-
gen, fuel and chemical intermediates and other fields, and becomes a energy platform
compound. In 2004, the U.S. Department of energy ranked polyols such as glycerol
and sorbitol as one of the most important among 12 ‘Building Block’ molecules in the
development process of biomass [30-33].

In 2006, Fukuoka et al. [34], has used Pt or Ru supported on y-A1,0; or y-A1,0; -SiO2)
as the catalyst to achieve the conversion of cellulose in aqueous solution at 463 K. Six
carbon alcohol yield of 30% was obtained under the action of Pt/A1,0; bifunctional cata-
lyst. The result shows that it has been greatly improved in product separation and catalyst
recycling if using environmentally friendly solid acid to replace the traditional liquid acid.

Haichao Liu [35] developed a process to produce acid in situ using high-temperature
water to catalyze the hydrolysis of cellulose, then combined the catalyst, Ru/C, to hydro-
genate glucose to produce six-carbon polyols. Yields of 23.2% were achieved at 518 K
in this reaction. The catalytic activity of Ru/C catalyst is better than that of Pt/A1,0;,
because Ru results in better hydrogenation performance for C=0 double bonds [36].

Zhang Tao et al further improved the rate of hydrolysis of cellulose, at 518 K, with
activated carbon supported Ni-W,C as the catalyst, resulting in efficient catalytic con-
version of cellulose to ethanediol with a yield of more than 70%. After the reaction,
the catalysts can be recycled and reused without loss of activity. W,C is a Pt-like cat-
alytic material, and has good catalytic activity in the process of C — C bond breaking.
The process of converting cellulose into ethylene glycol is similar to that producing
six carbon alcohol by cellulose hydrolysis. Firstly, the monosaccharides (glucose)
were produced by cellulose hydrolysis. Then, monosaccharide were transformed into
ethanediol under the catalytic effect of catalyst. This reaction has avoided the use of
precious metal, and its efficiency is high, it is expected to achieve industrialization.

Except glycerol, which is obtained by plant or animal oil hydrolysis, polyols can
be synthesized from epoxidized vegetable oil acid by ring-opening reactions. Several
polyols with secondary hydroxyl groups with high functionality and hydroxyl value
have been synthesized in industries using this method.

Zhang Long has developed a patented technology for the preparation of polyether
polyols with starch as raw material, which has been used to replace the polyether
polyol products synthesized from petroleum. Currently, a pilot-scale test for 10° tons
of products is ongoing.

9.5.4 Levulinic Acid Produced from Biomass
In recent years, research of foreign scholars shows that another compound, levulinic

acid (LA), was obtained after the further dehydration and lossing formic acid of
glucose. It is widely used and likely become a new platform chemical [37].
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It can be seen from the molecular structure of levulinic acid, it has a carboxyl
group, and a ketone group, so it has good chemical reactivity, and can be used a cat-
alyst in various reactions, such as esterification, oxid-reduction, substitution reac-
tion and polymerization reaction, for synthesizing many useful compounds and new
polymer materials. At the same time, the carbonyl group on the 4 position is a pre-
chiral group, it can be transformed its chiral compounds by asymmetric reduction.
Levulinic acid is also a biologically active molecule. In addition, it can dissolve in
gasoline in any proportion and is used as an additive in automotive fuel, to improve
the octane number and reduce exhaust pollution.

Production of levulinic acid by catalyzed hydrolysis of furfuryl alcohol is first
invented in foreign countries. In recent years, this product began to be small-scale
produced in domestic, its production cost is high and even have the serious pollution
of acidic waste .

The US-based company Biofine used cellulosic biomass resources (includ-
ing sawdust and waste paper) as raw materials to prepare levulinic acid by direct
hydrolysis under high temperature and high pressure, achieving a conversion of 80 to
90%, and thus opened up a new direction for the production of this platform chemical.

In recent years, high-temperature and high-pressure hydrolysis processes without
catalyst has attracted much attention. Research shows that it has advantages such
as faster response, high selectivity for the target product, produces no pollution and
involves no catalyst recovery and wastewater treatment.

In the near-critical region, compressed liquid water at a temperature between 250
and 350 °C has good solubility and acts as an effective acid-base catalyst. Hydrolysis
in water in the near-critical region shows high selectivity for the target reaction. Lv
Xiuyang [38] carried out a research showing that cellulose hydrolysis in near-critical
water mainly yielded organic acids (e.g., formic acid, acetic acid and acetylpropionic
acid), soluble polysaccharide, grape sugar, fructose, methyl-glyoxal, 5-hydroxymethyl
furfural, etc, with a high content of acetylpropionic acid and formic acid and low con-
tents of other ingredients.

9.5.5 Adipic Acid Production from Biomass

Adipic acid is the most important commercial aliphatic dicarboxylic acid. As it has
two active methylene groups in alpha carbon atoms, it readily undergoes conden-
sation with polyfunctional compounds and has wide applications. In 1933, W.H.
Carothers first used adipic acid and hexanediamine to synthesize nylon 66. In 1935,
the DuPont Company started to commercialize nylon 66. With the development of
the petrochemical industry, the production of adipic acid starts to use cheaper petro
chemical materials as raw, so that the production capacity is greatly increasing.
Frost [39] provides a clean route for producing adipic acid using biological
methods. This route, firstly, involves transforming D-glucose into catechol under
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the catalysis of an enzyme; the catechol undergoes further conversion to cis, cis-
hexadiene diacid, which finally yields adipic acid on hydrogenation. Du Pont
Company developed a biocatalytic process at the beginning of 1990s, using coli bacil-
lus to transform D-glucose into cis, cis-muconic acid, which was then hydrogenated
to yield AA (adipic acid). Recently, this company has developed a new biological
process, coded for enzymes by using a gene cluster, which isolated from aerobic deni-
trifying bacteria (Acinetobacter sp.) to obtain the synthase of AA by cyclohexanol
conversion.

Niu [40] reported a process in which benzene and its derivatives are used to
synthesize adipic acid using Escherichia coli as catalyst.

Bioanalysis involves the use of renewable substances as raw material for realizing
green production; but it is expensive, and large-scale industrialized production has
not been achieved yet.

9.5.6 Hydrogen Produced from Biomass

Hydrogen as an energy source has many advantages: it is clean, produces no pollu-
tion, can be easily stored and transported, and is widely used in chemical industry,
metallurgy, aerospace, transportation and other fields. Among chemical industries,
hydrogen is the most commonly used in the manufacture of ammonia; according
to statistics, about 60% of the world’s hydrogen is used in manufacturing synthetic
ammonia, in China the proportion is even higher. In the smelting industry, hydro-
gen is widely used in the production process of desulfurization, hydrogenation and
synthesis of chemical products. In the aerospace industry, hydrogen has become one
of the most important fuels for spacecraft. In transportation industry, hydrogen fuel
cells can be used to power vehicles, and involve zero emissions, high efficiency and
other advantages. With the steadily growing applications of hydrogen, various coun-
tries have accelerated the development of hydrogen technology [41].

At present, the main methods for hydrogen production can be divided into two
categories: one is to use fossil fuels (coal, natural gas, low carbon hydrocarbon or
naphtha) as raw materials to obtain hydrogen, this method accounts for 95% of hydro-
gen production; the other is to produce hydrogen by electrolysis of water. The former
is an energy-intensive process; and the primary energy used is still fossil energy. In
the hydrogen production process, carbon in raw materials is converted into CO,, and
directly discharged into the atmosphere, leading to serious environmental problems.
The latter requires large amounts of electric energy, producing hydrogen with high
grade electric energy cannot meet the energy matching criterion, and the conversion
efficiency of the net energy is low and the cost is higher. In the long run, hydrogen
should be prepared by a way, which is economic, sustainable, nonstone materials
(materials not belong to petrochemical raw materials) and without producing green-
house gas. The ideal method is to produce hydrogen from biomass [42, 43].
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9.5.6.1 Hydrogen Production by Pyrolysis

Pyrolysis refers to thermal decomposition of biomass without air, and its main prod-
ucts consist of tar, char and gaseous products. The traditional methods of pyroly-
sis often used low heating rate for the separation of char. In recent years, in order
to obtain a higher yield of bio-oil, high heating rate has been widely used. Demir-
bas pointed out that when hydrogen is the target product, high temperature, high
heating rate and long residence time should be used in pyrolysis. Steam reform-
ing of the hydrocarbons in pyrolysis products is an important method of obtaining
hydrogen. In addition, water-gas reaction can also lead to an increased hydrogen
production.

Hydrocarbon steam reforming,

C,H,+HO0->CO+H,
Water-gas shift reaction,

CO +H,0~> CO,+H,

The National Renewable Energy Laboratory (U.S. National Renewable Energy Labo-
ratory NREL) proposed liquefaction of biomass by fast pyrolysis for hydrogen produc-
tion, the method involves first conversion of biomass into bio-oil, then the residual oil
is used to yield hydrogen by steam reforming or cracking.

9.5.6.2 Hydrogen Production by Gasification

Unlike pyrolysis, gasification is carried out in the presence of limited oxygen. In
the gasification process, pyrolytic material and charred residue continue to react
with air, steam, oxygen, carbon dioxide or hydrogen. Using this method not only
increases the gas production, but also provides heat to the gasification reactor.
Similarly, in order to obtain higher hydrogen production, it needs to do steam
reforming and water-gas reaction respectively for the hydrocarbons and carbon
monoxide in products.

The gasification medium for conversion of biomass includes air, oxygen and
steam. Air was used as gasification medium in early studies, but the nitrogen in
the air will reduce the content of hydrogen and combustible gas. Although the use
of oxygen can effectively overcome the shortcomings brought by nitrogen, oxygen
will lead to increasing cost and safety concerns. The use of steam is able to furthest
ensure the steam reforming and water-gas reaction turning toward to the direction
of hydrogen production. At present, steam gasification has become a development
trend of biomass thermochemical hydrogen production. Based on this princi-
ple, the partial oxidation method of water vapor was invented. This method uses
high-temperature steam as gasification medium to gasify biomass in order to obtain
hydrogen-rich fuel [44].
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9.5.6.3 Hydrogen Produced by Supercritical Water

Producing hydrogen from biomass in supercritical water involves the production of
hydrogen-rich gas by catalytic splitting decomposition of biomass in supercritical
water. Supercritical water refers to the water at the temperature of 647.2 K, at a pres-
sure of above 22.1 MPa, and possesses both liquid solubility and allows gas diffusion.
Even oil and organic solvents are soluble in it. All organic matter can be decomposed
by oxidation in supercritical water. During catalytic gasification of biomass in super-
critical water, the biomass gasification conversion can reach 100%, and the content of
H, in the gas can exceed 50 vo0l%; besides, the process does not produce tar, charcoal
and other by-products.

The General Atomic Co. of Santiago (General Atomics) conducted a research on
the commercial feasibility of supercritical water gasification of biomass for hydrogen
production, using the combustible portion of sewage, sludge, paper sludge, munic-
ipal solid as energy sources. The research shows that the method was beneficial for
treating toxic and harmful pollutants with high water content [45].

9.5.6.4 Hydrogen Production by High-temperature Plasma

After the pyrolysis of biomass by arc plasma under nitrogen atmosphere, the main
components in gas product are hydrogen and carbon monoxide, and tar. In plasma
gasification, steam can be added to adjust the proportion of hydrogen and carbon mon-
oxide, and for the preparation of other liquid fuel. There are many methods to generate
plasma, such as using aggregation furnace, laser beam, flash tube, microwave plasma
and arc plasma. An arc plasma is a typical thermal plasma, which is characterized by
high temperature, reaching tens of thousands of degrees Celsius, and the plasma also
contains a large number of charged ions, neutral ion and electron active species.

9.5.6.5 Hydrogen Production by Biomass Bio-technology

Under mild conditions, the biomass bio-hydrogen production technology is to trans-
form the organic matter or water into hydrogen by the metabolism of the organism
itself. According to the energy sources needed in the growth of hydrogen producing
microor ganisms, bio-hydrogen production technology can be divided into two cate-
gories: hydrogen production by photosynthetic microorganism and hydrogen produc-
tion by fermentation [46-50].

Hydrogen production by photosynthetic microorganism involves direct con-
version of solar energy into hydrogen, but the method has the following problems:
it cannot be used to degrade macromolecular organisms; substrate utilization is
limited; nitrogenase itself needs more energy, and solar energy conversion and uti-
lization efficiency is low; stability of microbial metabolism is poor, and leads to low
hydrogen yield and photobioreactors occupy a large area. These problems led to the
difficulty of technology industrialization.
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Compared with hydrogen production by photosynthetic microorganism, the tech-
nology of bio-hydrogen production by fermentation has certain advantages, mainly:
the stability of this process is better than that involving photosynthetic microorgan-
ism; the process mainly uses organic substrate degradation to obtain energy, and
process control is easy to realize; production capacity is larger; growth rate of micro-
organism during fermentation is faster; and ease of storage and transportation makes
the fermentation of biomass more easily realizable for large-scale production; various
substrates are available for bio-hydrogen production by fermentation, including
glucose, sucrose, xylose, starch, cellulose, hemicellulose and lignin, and the hydro-
gen production efficiency of substrate is significantly higher than that of photosyn-
thetic hydrogen production, so the overall cost of hydrogen production is low.

At present, the technology of bio-hydrogen production by fermentation is still in
the laboratory research stage. The key problems related to this method are: ®High
efficient producing hydrogen producing bacteria is needed: the performance and
stability of bio fermentation hydrogen production strain restrict the further devel-
opment of biomass fermentation technology. It is especially important to study the
bacteria with superior performance, stable operation and strong adaptability to sub-
strate. @Stability of bacteria and continuity of fermentation process are still needed
to be further studied: Most of the existing hydrogen producing microorganisms have
limited utilization of substrates, which largely limits the industrialization of bio
oxygen production. 3) The development of large-scale hydrogen production reactor
in the biological fermentation process, the reactor plays a vital role in the process of
comprehensive control. Most of the existing biological hydrogen producing reactor is
transformed by the existingindustry fermentation reactor, the hydrogen producing
efficiency of the reactor is generally not high, stability is poor, and the scale is mostly
at the experimental stage. Therefore, it needs to enlarge and optimize the biological
hydrogen producing reactor.

9.6 Green Chemical Conversion of Natural Oils and Fats
9.6.1 Profile

The main component of natural oil is fatty acid triglyceride (called triglyceride for
short). From the point of view of molecular structure, triglyceride is made up of a
glycerol molecule chemically combined with three fatty acid molecules. Triglyceride
molecules includes two parts, i.e. glyceryl and fatty acyl, and its three acyl groups can
be different fatty acyl groups. Fatty acids in vegetable oils are mainly saturated and
unsaturated C,; and Cys fatty acids. The glycerol moiety in the fat molecule is constant,
its molecular weight is 41, and accounts for 4% to 6% of the total oil content; while
fatty acyl accounts for about 95% of the total oil content (its content varies with differ-
ent kinds of oil), and influences the physical and chemical properties of triglyceride.
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Therefore, fatty acid chemistry is an important field in oil chemistry. The most common
vegetable oils in the world include soybean oil, rapeseed oil, peanut oil and sunflower
oil, with China being a major producer of plant oil, including soybean oil, rapeseed oil,
sunflower oil, which is extracted from herbaceous plants such as peanut, rapeseed,
sesame, sunflower, canola, cotton, soybean, castor, etc., and woody oil plant such as
tea-oil tree, tung tree, excoecaria sebifera, oil palm, Jatropha curcas and light skin tree.

Typical fatty acids include oleic acid, which contains a double bond (C;;H;;COOH);
linoleic acid with two double bonds (C,;H;;COOH); linolenic acid with three double
bonds (C,;H,,COOH) and stearic acid without unsaturated double bonds (C,;H;;COOH).
The structure and type of fatty acids have decisive effects on their performance.

The development and application of plant oil chemicals have always been a hot
research topic. Compared with petroleum products, they are characterized by low
price and renewability. They have been widely used in food, detergents, cosmetics,
drugs, petrochemical product substitutes, etc. [51, 52].

9.6.2 The Principle of Natural Fatty Acids and of Chemical Conversion

Fatty acid, an aliphatic carboxylic acid compound, is one of the hydrolysis products of
fats and oils. Fatty acid has the properties of carboxylic acid and undergoes all chemical
reactions of carboxylic acid. The chemical properties of oil mainly depends on the chemi-
cal properties of unsaturated fatty acid, with characteristic reaction site being the double
bond, and characteristic reactions being addition, oxidation, isomerization and polym-
erization. The chemical reaction, which normally occurs at the long carbon chain double
bonds of oils and fatty acids, has an increasingly important application in the industry.

Three acyl groups in animal and vegetable oils are usually derived from fatty
acids with 12-22 carbon atoms. Plant fatty acid consists of saturated fatty acids,
monoene acids, diene acids, triene acids, polyene acids, mono hydroxy fatty acids,
mono hydroxy conjugated enyne acids and so on; most of them are unsaturated fatty
acids, such as oleic acid (monoenoic acid with eighteen carbons) and linoleic acid
(dienoic acid with eighteen carbons). The position of the double bond of unsaturated
fatty acids is typically carbon 9 and 10 and linolenic acid has double bonds in carbon
12 and 13, and even in carbon15, 16, most of these double bonds are not conjugated,
and their polymerization activity is low. Structural differences of most vegetable oils
are only in the conjugated degree of saturation and unsaturated bonds, their chemi-
cal properties are similar, especially the chemical modification mechanism of linseed
oil, soybean oil, rapeseed oil, corn oil etc. It is basically the same.

9.6.2.1 Hydrolysis of Fats and Oils
The reaction between oil and water to generate fatty acids and glycerol is called the
hydrolysis of fats and oils.
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The hydrolysis reaction is divided into three steps: first, the triglyceride loses
an acyl group to generate diglyceride; then, the diglyceride loses an acyl group to
generate monoglyceride, and, finally, the monoglyceride loses an acyl group to
generate glycerol and fatty acids. Typically, the rate of hydrolysis in first step is slow;
in the second step is very fast, and the third step is reduced. This is because when in
the initial hydrolysis reaction, the solubility of water in oil is relatively low, and in the
process of latter reaction, fatty acid has an inhibitory effect on the hydrolysis.

Because the hydrolysis reaction is reversible, the reaction is usually carried out
under the conditions of high temperature, high pressure and in the presence of cat-
alyst. The commonly used catalysts are inorganic acids, bases, sulfonate and metal
oxides, and the lipase extracted from the plant.

9.6.2.2 Esterification

The process to generate esters via reaction of fatty acids and monobasic alcohol in
the presence of acid catalyst is called esterification. Esterification and hydrolysis are
inverse processes of each other.

The In the reaction, if the OH group of the carboxyl groups and H group of the
hydroxyl groups were removed, this reaction is a inverse process. Its reaction rate is
slow, it could be balanced by acid catalyst. Adding an excess of fatty acid or alcohol or
even removing the generated water will speed up the reaction to completion. For the
saturated fatty acids, their reaction rate is nearly the same; the closer the double bond
of unsaturated fatty acid to carboxyl groups, the slower the reaction rate is. Esterifica-
tion is important in industry and in the analysis of fats and oils.

Fatty acid methyl ester is mainly prepared by alcoholysis of methanol and oils
and fats or esterification of fatty acid with methanol. Esterification of fatty acids with
other polyols, such as ethylene glycol, propylene glycol, polyoxyethylene alcohol,
pentaerythritol or sorbitol etc., can produce esters with different uses.

9.6.2.3 Ester Exchange Reaction
Interesterification includes alcoholysis of ester and alcohol, acidolysis of ester and
acid, and exchange between ester.

The alcoholysis reaction is a reversible reaction, can be catalyzed by acid or alka-
line. For example, triglyceride can be directly esterified with methanol by acid or alka-
line catalyst, and fatty acid methyl ester is obtained. The commonly used base cata-
lysts include sodium methanol, sodium hydroxide, potassium hydroxide, etc. Among
them, sodium methoxide shows the best activity; for example, while using 0.1-0.5%
sodium methoxide, an reaction is carried out at 20-60 °C for about 2 h, alcoholysis
is complete achieved. So it can avoids the volatilization of lower fatty acid at high
temperature and oxidation of unsaturated fatty acid. When the percentages of the free
fatty acid contained in oils is higher than 2%, alkaline catalyst is not recommended,
as the fatty acid will become stable carboxylate, and hinder the progress of reaction.
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Alcoholysis normally yields a mixture of mono-, di- and triglycerides. Among

them, monoglyceride accounts for 40-60% of products, and more than 95% purity
can be obtained by molecular distillation. This is the main method for the preparation
of food emulsifier of monoglyceride.

9.6.2.4 Reaction of Carboxyl Group of Fatty Acid

Carboxyl group of long-chain fatty acids can generate acyl halide, acid anhydride,
salt, amide, peroxy acid. They can also be carried out the process of oxyalkylation,
pyrolyzation etc, their derivatives have different applications in the industry.

1)

@

€)

(4)

)

(6)

@)

Salt: fatty acids can react with sodium hydroxide, potassium hydroxide, oxide
and carbonate to produce soap, through saponification reaction.

Acyl chloride: fatty acid reacts with reagents such as phosphorus trichloride
or phosphorus pentachloride, thionyl chloride and so on to produce acyl
chloride.

Acid amide: amide is a fatty acid ammonium, generated by the reaction of fatty
acid and ammonia (or amine) at high temperature, and then dehydrated. Long-
chain fatty acid amide is widely used in surfactants. For example, ethanolamine
or diethanol amine with long-chain fatty acid yields fatty acid monoethanola-
mide or diethanolamide, the product is mainly used as a bulk soap additive and
high foam detergent.

Anhydride: fatty acid anhydride can be generated by the dehydration of fatty
acid, but the product yield is low. For example, on heating tetradecanoic acid for
12 min under the temperature of 343 °C, the yield was only about 30%.

Peroxy acid: peroxy acid RCOOOH can be generated by reaction of fatty acid with
hydrogen peroxide (30-98%) in acid catalyst (commonly used concentrated sul-
furic acid). The reaction can tend to be completely under conditions of excess of
fatty acids (C,—Cs), high concentration of hydrogen peroxide (>570%), or removal
of the water by azeotropic method.

Oxyalkylation: the direct reaction speed of fatty acid and ethylene oxide is
very slow; commonly, alkaline catalysts such as KOH, Na,CO; and CH;COONa
are used to speed up the reaction. Its product contains fatty racid polyethylene
glycol ester and fatty acid polyethylene glycol diester.

Carboxyl reduction: the carboxyl group of fatty acid can be reduced to alcohol
hydroxyl group under suitable condition to generate fatty alcohol. Fatty alcohol
is an important raw material of fine chemical products, and the aliphatic alcohol
derivatives obtained are widely used in surfactants, lubricants and for other
industrial purposes.

9.6.2.5 Reaction of Alpha H on the Fatty Acid Carboxyl Group
Alpha halogenated acid: carboxyl alpha H can be replaced by halogen in the presence
of a small amount of phosphorus, to generate alpha bromo-acid or alpha chloro-acid.
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Alpha sulfonated fatty acids: saturated fatty acids react with SO; to generate
mixed anhydride, and then molecular rearrangement were occurred, sulfonic acid
group substituted for alpha -H, finally, alpha sulfonated fatty acids (alpha sulfonic
acid for short) were produced

9.6.2.6 Reaction of the Double Bond on the Carbon Chain of Fatty Acid

The double bond on the carbon chain of the fatty acid is very active; it can be reacted
with various reagents by addition, oxidation, sulfonation, isomerization and polym-
erization, to produce various industrially important chemicals.

9.6.3 Typical Products and Processes of Green Conversion of Natural Fatty Acids

9.6.3.1 Fatty Acid Methyl Esters (Biodiesel)

The fatty acid methyl ester or ethyl ester is obtained by chemical conversion of natural
oil and fat, and is called biodiesel (mainly refers to fatty acid methyl ester). Biodiesel
is one of the most attractive biofuels, being a high-quality diesel oil substitute and
clean source of renewable energy. The research on application of biodiesel produc-
tion technology is gaining more and more attention. Biodiesel is derived from natural
plant oils, its properties are very similar to that of common diesel, and it can be used
for diesel engine. The properties of biodiesel with regard to cloud point, flash point,
cetane number, sulfur content, oxygen content and biodegradability and so on make
it an even better fuel than ordinary diesel. For it has great strategic significance for
promoting alternative energy, alleviating environmental pressure and even reducing
air pollution etc. Thus biodiesel has become a kind of real ‘Green Energy Sources’.

Compared with fatty acid and other raw materials, fine chemicals which prepared
by FAME (Fatty Acid Methyl Ester) has the advantages of milder reaction conditions,
the product performance is better and so on. The main products are fatty acid poly
oxyethylene ester, fatty alcohol-polyoxyethylene ether, fatty alcohol-polyoxyethylene
ether sulfate, fatty acid methyl ester alpha sulfonate, sucrose fatty acid ester, fatty
acid mono-(di-)ethanol amide, fatty alcohol etc. So FAME is an important raw material
for the production of fine chemicals with high added value and biodegradablity [53].

Biodiesel can be made from vegetable oil and animal fat by chemical methods,
which include ester exchange method, direct mixed dilution method, microemulsion
method and thermal cracking method.

Transesterification refers to the process of obtaining fatty acid methyl ester (or
fatty acid ethyl ester) by transesterification of short-chain alcohols, methanol or
ethanol with triglycerides in oils and fats in the presence of catalyst. The triglycer-
ides are broken into three long-chain fatty acid methyl esters, thereby shortening the
length of the chain, to reduce fuel oil viscosity and improve the fluidity and vaporiza-
tion properties, to meet the requirements for use as fuel oil.
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The catalysts in transesterification, which can be basic or acidic substances or
biocatalysts, are classified as homogeneous and heterogeneous catalysts. The pro-
duction process includes three steps: pretreatment, reaction and post treatment.
Pretreatment includes the process of removing impurities from raw oil, steam cooking,
deodorization and vacuum dehydration. Post treatment is the purification of crude
biodiesel, and includes separation, distillation and other processes.

The transesterification reaction catalyzed by alkaline substances is an irreversi-
ble reaction. It can give high yield at low temperature; the reaction proceeds quickly
and involves less alcohol consumption, and therefore has been successfully applied
in industry; it is the most commonly used method at present to produce biodiesel.

In the preparation of biodiesel by transesterification, it is key to improve the con-
version of raw materials and the purity of biodiesel. At the same time, some people
adopt the method of steam distillation to refine biodiesel at low temperature, which
is used for preparing biodiesel from rapeseed oil.

9.6.3.2 Aliphatic Epoxide

The epoxy grease is produced by the epoxidation of oil; it is a compound which con-
tains epoxy three-membered ring structure, and includes epoxidized soybean oil and
epoxidized rosin [54-55].

Epoxy grease is a widely used, nontoxic, tasteless PVC plasticizer and stabilizer;
it has good stability to light and heat, and good compatibility, low volatility as well as
less mobility. It can not only absorb the hydrogen chloride released in the decomposi-
tion of polyvinyl chloride resin, but also be compatible with polyvinyl chloride resin;
thus it can be used in almost all PVC products. Unlike plasticizers, such as dibutyl
phthalate, dioctyl phthalate and the mixed of dibutyl /dioctyl phthalate, they are not
suitable for food packaging. But epoxidized soybean oil is recognized as nontoxic
plasticizer, and national food administration as well as the US Food and Drug Admin-
istration (FDA) have approved the use of epoxidized soybean oil as packaging materi-
als for food, medicines, toys, additives of household decoration materials and so on.

Vegetable oil is a kind of unsaturated fatty acid triglyceride, even there have
unsaturated double bonds in its structure, epoxidation of vegetable oils belongs to
the category of olefin epoxidation. At present, the preparation of epoxidized soybean
oil is mainly based on the reaction of formic acid (or acetic acid) with hydrogen per-
oxide to produce peroxy formic(or acetic) acid, which then undergoes epoxidation
with soybean oil under the action of catalyst; this is followed by alkali washing, water
washing and vacuum distillation, to yield the final product. This method is not envi-
ronment-friendly, and the products have poor color and low epoxy value. It is neces-
sary to find a new method for the synthesis of epoxy compounds in accordance with
the requirements of green chemistry.

The method of direct epoxidation is superior to the chlorine alcohol method
in terms of technology, economy, environmental friendliness and other aspects, its
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invention shows strong vitality. Inspired by the direct oxidation method of ethylene,
people are still trying to explore the technique of other olefins through direct oxida-
tion by air or oxygen to produce epoxides until now. The method of molecular epox-
idation has been studied for the past 20 years. The catalysts used mainly belong to
the following two categories: (1) metal organic compounds (heteropoly acids) and (2)
biomimetic catalyst (types of metalloporphyrin). Hydrogen peroxide is considered to
be a ‘green’ oxidant, because its by-product generated in the reaction is only water, and
its content of oxidation active species is high, compared with other species, the price
is relatively low. Since 1980s, catalyst such as metal organic compounds (heteropoly
compounds, methyl rhenium thrioxide), TS-1 molecular sieve, hydrotalcite, biomi-
metic catalysts (e.g., metal porphyrin complex) etc. have been appeared and applied.
Epoxidation of olefins which used the safe concentration (27-50%) of hydrogen per-
oxide as oxidant aroused people’s interest.

At present, one way to solve the problem of homogeneous catalyst separation
and recovery is to achieve homogeneous catalysis. It has reported that the heteropoly
compounds immobilized on carriers such as ion exchange resin, silicon dioxide and
hydrotalcite were prepared to use for olefin epoxidation.

9.6.3.3 Fatty Acid Polybasic Alcohol
The fatty acid polybasic alcohol is a polyol nonionic surfactant, which has a structure
of amphiphilic molecule, with a lipophilic chain and hydrophilic hydroxyl group in
the molecule. The corresponding fatty acids in ester can be saturated fatty acid or
unsaturated fatty acid, of which the number of carbon atoms ranges from 8 to 22, and
the corresponding polyols can be sorbitol, glycerol, etc., or sugar and other carbohy-
drates. The tranditonal raw materials for preparing polyols are mostly from resources
such as oil and natural gas. The study of the conversion of cellulose to prepare poly-
basic alcohol is key for efficient biomass utilization [56].

The synthetic pathway for obtaining polybasic alcohol is generally one of the fol-
lowing.
(1) alcoholysis of oil and fat;
(2) direct esterification of fatty acids with alcohols;
(3) alcoholysis of methyl ester.

Preparation of lauric acid monoglyceride is used for illustration:

Direct esterification of fatty acids and glycerol yields a mixture of monoglyceride,
diglyceride and triglyceride.

Transesterification of glycerol and triglyceride generates monoglyceride.

Enzymatic method includes enzyme-catalyzed hydrolysis, esterification and
transesterification.

Enzymatic hydrolysis was carried out by using triglyceride or diglyceride as raw
material, with immobilized lipase as catalyst for localized hydrolysis, at a temperature

EBSCChost - printed on 2/13/2023 6:03 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



References =—— 289

of 40 °C. The product, being a mixture of monoglyceride and carboxylic acid, is easy
to separate.

Hydroxyl protection. Three hydroxyl groups in the glycerol molecule, if they
direct esterify with fatty acid, their opportunities of esterification are the same, and
they will generate the mixture of monoglyceride and diglyceride and triglyceride. In
order to obtain high content of monoglyceride product, some compounds were used
to protect two hydroxyl groups of the glycerol, the remaining hydroxyl group were
esterified with fatty acids. Then by hydrolysis under certain conditions to release the
protection groups, monoglyceride were generated. This can even directly obtain high
purity monoglycerides product. The protective agents include boric acid, ketones and
aldehydes, and so on.

Ionic liquid is an environmentally friendly solvent and catalyst, which can be
used for catalytic esterification. In view of its advantages of thermal stability and sol-
ubility, adjustable acidity, adjustable polarity and coordination ability, recyclability
and so on, ionic liquids have great potential to enable efficient synthesis of mono-
glycerides.

Questions

1. Compare cellulose with hemicellulose, highlighting similarities and differences
with regard to physical and chemical properties.

2. Discuss lignocellulose raw materials, lignin, cellulose and semi-fiber chemical
structure.

3. Explain how the degree of polymerization of cellulose molecules can be determined.
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The crisis of marine resource shortage will be more serious in the twenty-first century.
In this regard, marine reserves have been receiving more and more attention owing
to their huge potential to meet the increasing human needs among the countries. The
application of chemical technology to exploit natural resources for economic growth
has been accompanied by environmental pollution. Thus, green chemical technolo-
gies are required to ensure efficient, safe and sustainable use of natural, in particular
marine, reserves.

10.1 The Reserves and Application of Marine Resources
10.1.1 Marine Resources

Marine resources can be divided into material resources and space resources, accord-
ing to its nature or function. Marine material resources mainly include marine biolog-
ical resources, marine mineral resources and seawater resources. The classification
and utilization of marine material resources are shown in Figure 10.1.

Marine biological resources are also known as marine aquatic resources. It refers
to the ocean economic animals and plants which can propagate themselves and
constantly update. Marine biological resources include fish, mollusks, crustaceans,
mammals, marine plants, marine microorganisms and viruses. More than 80% of
the biological resources on earth are in the sea. A number of 20,278 kinds of marine
organisms have been recorded, including 3,032 kinds of fish, 1,923 kinds of spiral
shellfish, 734 kinds of crabs, 546 kinds of shrimps and 790 kinds of algae. The main
economic species are more than 200 varieties. The biological marine resources are
abundant, and the amounts of plants and animals in the sea are 1,000 times of those
on land. The seafood can feed 30 billion people.

There are over 100 kinds of elements on the earth; of these, more than 80 kinds
can be found in the ocean and more than 60 elements can be extracted. These ele-
ments exist in different forms in the sea. A total of 11 kinds of elements (chlorine,
sodium, magnesium, potassium, sulfur, calcium, bromide, carbon boron, strontium
and fluorine) account for more than 99.8% of the total dissolved substances in sea-
water, and 99% of bromide on the earth is in the ocean. There are 5.5 x 10¢ tons of
gold and 5.5 x 107 tons of silver in seawater. The reserves of other elements, such as
barium, sodium, zinc, molybdenum, lithium and calcium, are estimated to be billions
of tons, and some of these are estimated to be even more than 100 billion tons.
The total amount of manganese nodules at the bottom of the sea is estimated to reach
up to 3,000 billion tons, with the Pacific Ocean containing the largest fraction, about
1.7 x 10™tons, apart from 4.0 x 10" tons of manganese, 1.64 x 10'°tons of nickel, 8.8 x 10°

https://doi.org/10.1515/9783110479317-010

printed on 2/13/2023 6:03 AMvia . All use subject to https://ww.ebsco. confterms-of-use



10 Green chemistry in exploiting marine resources

294

*S92IN0S3J |B1Id)eW dULIBW dY} JO UOIIRZI|IIN pUB UOIRIYISSE]) :1°0T 3inSi4

719 ‘pjoS
‘wnipeuea
‘Neqod ‘auiz
‘wnjwped
‘1addod
“19321u
‘asaueSuey

219
*S92In0sal ‘ASojouyd9)
ses pue |10 Jo ‘Aysnpul
uonpdwnsuod Jestwayd
SS9IX%d ‘Slelslew
Jua.LINd Ay} 3uipying
105 dn axepw ‘saulw pue) | <£gin)ejow
-uopanpoud || 1835802 3u3 o ui pasn
ses pue |10 ajenbapeul 490e)d
promayyjo || AMBuiseanul Je1swuou
puyj enogy || 2 dnadew pue je1apy
ses |einjeu
pue |io aulw 190e)d
easiapun [ECRIRES 1e3se0)

jisodap
JewuayloipAy
aullewqns pue
uoljeuiquwod
s|elo

Jesauiw aupepy

$92INn0Sal

219

'239 ‘anjea ‘uonrayord

4nuads 1e2150)029

21WOou0d3 “Jaz1)1}43

219 pue R ‘sjelajew
SR 122150]028 ‘s|euarew Mmel el
‘wnuanap | | uoneunesap R me A- -wayd ‘pasy
‘wniy) ‘aInynoLiew . .m_m:c.m:% ‘pooy ‘8nup
‘ony ‘uonesiul aupipaw }1eq “pasy ul pasn

1ea)Inu ainynouse ‘pooy [PUE ey _
SW I JeUYIUOJ0S se pasn e se pasn

‘uasSojeH ‘191em _ *219 ‘s)Sa.0)
‘}]es eas Sunood ayy anoJSuew
‘esonbjis

a3 e- || 213 ‘ysyhnal SR

-wwey ess ‘saguodg ‘19 ‘oweyem

‘spiig eas quinan) eas ‘paameas

s|edfwayd 19)EMEAG ‘sa|un] ‘ysi4 ‘MaIds ‘1ag ‘djoy se
yans ‘aes|y

ENILENNEY a)eIgalIaAU] sjueyd
191eME3S sullew aullep aulep

$321n0sal [ed1Sojoiqe auLey

$321n0S31 |e2150]0Iq dULIRW

$92.1N0S3al |elialew auliey

use subject to https://ww.ebsco.conlterns-of-use

Al

EBSCChost - printed on 2/13/2023 6:03 AMvia .



EBSCChost -

10.1 The Reserves and Application of Marine Resources =—— 295

tons of copper and 5.8 x 10°tons of cobalt. These reserves are more than 400 times the
manganese reserves, 1,000 times the nickel reserves, 88 times the copper reserves
and 5,000 times the cobalt reserves on the land. According to the current annual con-
sumption in the world, these minerals can meet human needs for thousands or even
tens of thousands of years. More importantly, the nodules in the bottom of the sea
are still growing. The manganese nodules at the bottom of Pacific Ocean grow at an
annual rate of about 1.0 x 107 tons. The manganese produced by these nodules in one
year is enough to satisfy the total world demand for a few years.

There are also plenty of reserves (uranium and heavy water) in seawater that can
be used as nuclear fuel. The uranium reserves are estimated to be about 4.5 x 10° tons,
which is 4,500 times that of the total reserves on the land. According to the energy it
could release, uranium in seawater can afford the whole world at least 10,000 years.
Heavy water is the main source of heavy hydrogen, which is used as a fuel in nuclear
fusion reactors. The reserves of heavy water in the sea are about 2.0 x 10* tons. The
total quantity of heat generated by heavy hydrogen is equal to thousands times the
heat from all the fossil fuels in the world. Seawater can be used as water for human
consumption and irrigation after desalination.

In addition, oil and gas resources are also abundant in the ocean. The global
proven oil reserves are 1.757 x 10" tons and that of natural gas is 1.73 x 10 m?>, while
the global offshore oil resources are about 1.350 x 10" tons and the proven reserves
are about 3.80 x 10'°tons. On the other hand, the global marine natural gas resources
are about 1.40 x 10* m>and the proven reserves are about 4.0 x 10> m>. Therefore, the
potential of marine reserves to meet future energy demands is enormous.

10.1.2 The Application of the Marine Resources

Humans have been using marine reserves since ancient times. About 18,000
years ago, sea cockle shells were found to be used for decorational purposes in
Zhoukoudian Upper Cave, Beijing. Around 4000 hc, coastal residents began to “boil
seawater for salt.” Seawater salt had been commercially used in China 2,700 years
ago. Using marine biological resources to obtain drugs also has a long history. There
are records in the ancient Chinese medicine books about using crab, fish and algae
as drugs. According to the Compendium of Materia Medica, there are about 1,900
kinds of drugs, more than 200 kinds of which can be derived from marine limnetic
organisms.

In the view of the use of marine resources, marine aquatic products are the oldest
and the most widely used reserves, including marine fish, invertebrates and algae.
The world production of aquatic products increased from 1.20 x 10° tons in 1800 to
4,00 x 10°tons in 1900, 2.10 x 107 tons (the marine aquatic products were 1.88 x 107
tons) in 1938 and 7.08 x 107 tons (the marine aquatic products were 6.07 x 107 tons) in
1970. The total global output of marine aquatic products increased from 1.88 x 10’ tons
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in 1938 to 6.458 x 107 tons in 1980, which increased by 2.4 times. The global marine
fishery output was 28.3 billion dollars in 1978. At present, the ocean provides more
than 9.0 x 107 tons of marine aquatic products to human being each year. It is esti-
mated that the growth rate of marine fish products is as much as 6.0 x 108 tons per
year. It can catch for (2.0-3.0) x 10® tons marine fish could be caught every year under
the premise of without resources destroying. It is 2-3 times of the current fishery pro-
duction worldwide. It is estimated that the global demand for seafood will increase to
6—7 times the current yield by 2025, which is about 7.0 x 108t/a.

Sea salt industry is another early industry using seawater resources. NaCl is one
of the earliest minerals extracted from seawater. Sea salt is mentioned in the Vinaya
Pitaka, a Buddhist scripture compiled in the mid-fifth century bc. The salt production
of China is the highest in the world, reaching 3.177 x 107 tons in 2007, and the output
value reached 5.5 billion yuan in 2009.

The marine resource chemistry focuses on chemicals extracted directly from
the sea around 1930. The air blowout method for the extraction of bromine from
seawater and the chemical precipitation method for the extraction of magnesium,
respectively, from seawater were developed. Industries for preparation of bromine
and magnesium from seawater were established, respectively. In 1935, the experi-
ment of extracting potassium from seawater through the amide method was com-
pleted. Since 1952, the desalination technology has been widely used to remove salt
from seawater. The bromine extracted from seawater accounts for about 70% of the
global total bromine output, while the annual production capacity of magnesium
from seawater is 2.57 x 10° tons, which accounts for 34% of the global total magne-
sium output.

Marine organisms, such as seaweeds, marine fungi, actinomycetes, microalgae,
mangroves and bacteria are rich resources of products with pharmaceutical activities.
The chemicals from marine organisms have greater diversity in structural and func-
tional features owing to their environment having extreme variations in pressure,
salinity, temperature and so forth. The efforts to extract drugs from the sea started in
the late 1960s. However, the systematic investigation began in the mid-1970s. During
the decade from 1977 to 1987, about 2,500 new metabolites were reported from a
variety of marine organisms, clearly demonstrating the potential of marine environ-
ment as an excellent source of novel chemicals, not found in terrestrial sources. Until
2008, more than 25,000 compounds had been isolated from marine organisms, with
hundreds of new compounds still being discovered every year. About 300 patents on
bioactive marine natural products were issued between 1969 and 1999 [1]. Some of the
marine drugs authorized by the Food and Drug Administration (FDA) so far include
cytarabine (Ara-C), vidarabine (Ara-A), eribulin mesylate (E7389) from sponges,
ziconotide from cone shell, omega-3-acid ethyl esters, omega-3-acid from fish and
brentuximab vedotin from seaweed. Some drugs, such as marizomib from bacteria,
plinabulin (NPI 2358) from fungi and plitedespin from ascidian Aplidium albicans, are
in the stage of clinical trials.
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10.2 Extraction and Preparation of Food Additives
from Marine Resources

Besides being used as food, marine fauna and flora are also the main sources of many
food additives, such as algae polysaccharide, cod liver oil, chitin, protein powder,
calcium and trace elements. These substances have a wide range of applications in
the food industry. The following section explains the characteristics and the green
extraction processes of polysaccharides from seaweed and cod liver oil.

10.2.1 Algal Polysaccharide

Polysaccharides, the generic term for carbohydrates, are the main constituents in
marine algae. The chemical structure of algal polysaccharide is very complex, and
these molecules account for more than 50% of the dry weight of most algae. Gener-
ally, algal polysaccharide, also called seaweed gum, is water-soluble and possesses
high viscosity. Seaweed gums mainly include alginates, agar and carrageenan [2], and
have been used widely in food owing to their chemical properties such as high vis-
cosity, emulsifying and film-forming property. Seaweed polysaccharides are used in
milk, jelly, ice cream, spices and soft drinks as additives such as emulsifiers, thicken-
ers, stabilizers and coagulants. Some polysaccharides with low surface tension can be
used as natural foaming agent and other food additives. The preparation of algal poly-
saccharide mainly involves extraction and purification. The conditions of the process
can be controlled to prepare algal polysaccharides with different purity. The detailed
process is shown in Figure 10.2.

10.2.1.1 Extraction of Algae Polysaccharide
Solvent extraction is one of the most common methods of extracting algal polysac-
charides and is mainly based on the principle of “like dissolves like.” Generally,
pure water, dilute acid and dilute alkali are used as the solvent to extract polysac-
charides, depending on the polysaccharide structure. Mostly, algal polysaccharides,
being water-soluble polar polymers, are extracted with hot water. Moreover, in order
to achieve a high extraction rate, basic solution such as dilute NaOH solution can
be used with acidic sugar residue. Furthermore, some polysaccharides show higher
extraction rate in an acid solution. The equipment used in solvent extraction is simple
and of low cost; however, the extraction rate is low and the extraction time is long.
When acidic or basic solution is used to extract polysaccharides, the acid/base con-
centration must be strictly controlled to prevent the degradation of polysaccharides,
decrease of the yield and deterioration of the quality.

In recent years, many new technologies have been used to extract polysaccha-
rides from algae, such as microwave-assisted extraction (MAE), ultrasound-assisted
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Figure 10.2: Seaweed polysaccharide extraction and purification process.

extraction (UAE), enzyme-assisted extraction (EAE), high-intensity pulsed elec-

tric field-assisted extraction and freezing and thawing methods [2]. Among these

methods, UAE, MAE and EAE are more popular and practical.

(1) UAE: Seaweed polysaccharide is an intracellular polysaccharide. The cell wall of
seaweed plants needs to be destroyed to release polysaccharides. In this range
(the frequency of ultrasound is more than 20 kHz), sound waves migrate through
the solvent, inducing pressure variations and cavities that grow and collapse. The
sound waves are transformed into mechanical energy, which rupture the cell walls
in an instant, and the contact between the solvent and algae is enhanced owing
to the vibrations caused by the ultrasound. Then, the active ingredients are dis-
solved, released and diffused in the solvent. In addition, ultrasound can produce
thermal effects, crushing, diffusion, emulsification, cohesion effects and a series
of secondary effects, which further accelerate the release of active ingredients and
enhance the extraction rate. The extraction efficiency of polysaccharides by UAE is
higher than normal solvent extraction without ultrasound. Shi et al. [3] extracted
polysaccharide from Chlorella pyrenoidosa by UAE, in water bath at 100°C for 4 h
after passing 400-W ultrasound for 800 s, obtaining a yield of 44.8 g/kg.

printed on 2/13/2023 6:03 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

@

®)

(4)

10.2 Extraction and Preparation of Food Additives from Marine Resources =—— 299

MAE: MAE is an energy-assisted extraction method. Due to the even heat field
and high temperature created during the microwave irradiation, the tempera-
ture and the pressure of algal cells increase. The cell structure containing pol-
ysaccharide is decomposed quickly, and then the components within the cell
are released. At the same time, the pressure generated by water vapor damages
the cell wall and cell membrane, which promotes the spread of polysaccharides
to the solvent. Microwave can also reduce the water in the cell wall and inside
the cell, which leads to cracks, holes in the cell surface. The solvent diffuses
inside the cell’s interior. The ingredients within the cell are released and dis-
solved in the solvent, leading to an increased extraction rate. Rodriguez-Jasso
et al. prepared polysaccharides from brown algae by MAE. The optimum extrac-
tion conditions were as follows: the pressure was 120 psi, the ratio of material to
liquid was 1:25 and the extraction time was 1 min. Compared with the traditional
solvent extraction method, MAE is more simple, faster, more efficient and more
environmentally friendly [4].

EAE: In the process of extracting polysaccharides, enzymes can be used to
decompose the plant tissues and promote the release of substances from the
tissues. In recent years, EAE has been extensively researched due to its high cat-
alytic efficiency, high specificity and mild reactive conditions. Many enzymes
have been used in polysaccharide extraction, such as protease enzyme, car-
bohydrase, amyloglucosidase, agarase, alcalase, carragenanase, cellucast,
cellulose protamex, kojizyme, neutrase, termamyl, ultraflo, umamizyme and
xylanase [5]. The method of EAE is ecofriendly, nontoxic and can be used in
large scale. In the case of EAE of algal polysaccharide with cellucast, the effects
of cellulase dosage, reaction temperature and reaction time on the extraction
rate were investigated. The highest extraction rate of 7.41% was obtained for
the conditions: cellulase dosage of 1.2%, extraction temperature of 45°C and
enzymolysis time of 100 min, which is higher than that obtained through water
extraction. However, the use of enzymes is limited due to their high price in
industrial applications.

Extraction in ionic liquid (IL) or supercritical liquid.

An IL is a salt in the liquid state, sometimes it specifically refers to the salts
whose melting point is below 100 °C. ILs are largely made of ions and short-
lived ion pairs. IL has many unique characteristics, such as low vapor pressure,
low combustibility, high thermal stability and high solvating ability for a range
of polar and nonpolar compounds. IL is known as a green solvent and widely
used in chemical reaction, extraction and separation. IL has also been used
to extract algal polysaccharides. Few choline-based bio-ILs (choline formate,
choline acetate, choline caproate, choline caprylate and choline laurate) have
been employed for the selective precipitation of agarose from the hot seaweed
extract of Gracilaria dura under ambient conditions [6]. Among the bio-ILs,
choline laurate was found to be the most effective for the isolation of agarose
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at lower usage level (4.0%, w/w) with the yield of (14.0, 84, 0.5)% w/w. Agarose
obtained by this process had the properties required for molecular biological
applications and gel electrophoresis. Moreover, the bio-ILs could be recycled
and reused without affecting the yield and quality of biopolymer. The method
provided a much “greener” and economical means for algal polysaccharides
extraction.

Supercritical liquid is another popular green solvent in chemistry, which
has also been used in the extraction of polysaccharides. Microwave-assisted
hydrothermal experiments were performed on supercritical CO, (SSCO,) deoiled
samples. Experiments were carried out mostly using a Mars5 IP microwave
extraction device at a set maximum microwave power of 600 W. Deoiled Undaria
pinnatifida algae were treated under hydrothermal conditions heated by micro-
wave radiation at a temperature range 110200 °C and for a treatment time of
5-120 min to recover fucoidan or to degrade it into more valuable low-molecular
weight products of around 5-30 kDa. Microwave heating can enable extraction
and degradation of fucoidan faster than the conventional heating methods.
SSCO, was found to simplify the purification process of crude polysaccharides.
The purification of the crude polysaccharide to remove protein and other impu-
rities is carried out through EtOH extraction and centrifugation [7] (shown in
Figure 10.3).

SCCO2-deoiled dried powdered Wakame

Add ethanol

Stirring for12 h
(25°C, 500 rpm) <

Add ethanol
Removed supernatant % Twice
Residues [

Add water

Stirring for 2 h
(65 °C, 500 rpm)

Centrifuge

| ]
| Supernatant | | Residues

Freeze-drying

Add water
HKTwice

| Analysis of Fucoidan |

Figure 10.3: EtOH pretreatment procedures of deoiled U. pinnatifida for removal of proteins [7].
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10.2.1.2 Purification of Algal Polysaccharide

There are many impurities in the crude polysaccharide obtained through solvent

extraction, including protein, pigment, small molecules of sugar and inorganic salts.

It is necessary to purify and remove these impurities one by one in order to obtain

pure polysaccharides.

1. Traditional methods
For removing protein from crude polysaccharide, there are many methods, includ-
ing isoelectric point method, enzymatic method, organic solvent method (Sevage
method also known as chloroform-n-butanol method, trifluorotrichloroethane
method, trichloroacetic acid method) and column chromatography. In the isoe-
lectric point method, enzymatic method and organic solvent method, the proteins
are all transferred into insoluble state, which can be separated from the polysac-
charide solution through centrifugation or sedimentation. In the Sevage method,
the most efficient protein removal is achieved when a mixture of chloroform and
pentanol or butanol (v:v is 4:1) is used as the solvent. Sevage method is the most
popular and most widely used method for protein removing. However, there are
many disadvantages in the Sevage method, including incomplete removal of
protein, low polysaccharide yield, difficulty in solvent recovery and environmen-
tal effects. In the isoelectric point method and enzymatic method, the polysac-
charide is easily lost, the yield is low and protein removal is not complete. Thus,
the Sevage method and protease method have been combined, which reduces the
use of organic solvents and makes the polysaccharide extraction process greener.
Column chromatography and membrane filtration are newly developed technol-
ogies for polysaccharide purification.

2. Column chromatography
Column chromatography uses the principle of chromatographic separation to sep-
arate the impurities from the polysaccharides. The high performance and resolu-
tion, high recovery rate of polysaccharide, together with large sample handling
capacity and automation make column chromatography a desirable technique for
purification of polysaccharides. Column chromatography can also be used to sep-
arate different types of polysaccharides or fractionate polysaccharides after depro-
teinization. Ion-exchange resins adsorb different types of polysaccharides owing
to different affinity between the resin and the polysaccharide molecules. The
adsorbed polysaccharides are washed via elution by stepwise or linear NaCl salt
gradient. Diethylaminoethyl cellulose is the most popular resin for separating pol-
ysaccharides with different charges (positive, negative or neutral polysaccharide).

Size-exclusion chromatography is used to fractionate polysaccharides. The pol-

ysaccharides are separated based on their size as they pass through a porous matrix
of particles with chemical and physical stability. Dextran is the most popular chro-
matography packing material to fractionate polysaccharides. Many commercial
columns are available in laboratory scale, such as single-column Sepharose CL-6B, PL
aquagel-OH, Sephacryl S-300 or Superdex 200, or successively connected columns.
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3. Membrane filtration

Membrane filtration is based on the separation of the polysaccharides according
to molecular weights of interest. For polysaccharide separation and purification,
ultrafiltration and nanofiltration are the common membrane filtration technol-
ogies. Membranes with different molecular weight cutoff are used to filtrate the
polysaccharide to obtain fractions with different molecular weight. The separa-
tion membrane has an asymmetric microporous structure. The particles and mac-
romolecules flow through the membrane surface during the separation process,
while the small molecules pass through the pores in the membrane under pres-
sure to achieve the separation effect. Ultrafiltration is mainly used for the purifi-
cation of polysaccharides, while nanofiltration is used to remove inorganic salts.
Membrane filtration has the advantages of high separation efficiency, continu-
ous production, being environmentally benign, causing no harm to the polymer
structure and activity and being easy to scale up. However, there are disadvan-
tages limiting its commercial application, such as excessive membrane fouling,
high energy inputs and frequent membrane cleaning or replacement.

There are many methods for removing the pigment in the polysaccharide
solution, such as oxidation, ion-exchange resin, adsorption and metal complex
method. Commercially, seaweed polysaccharide solution was processed with
hydrogen peroxide. The pigment is oxidized to colorless products. The method
involves low cost and is easy to operate. However, the pigment residues still
remain in the solution, which requires further separation and purification.

10.2.2 Cod Liver Oil

Cod liver oil is a kind of liquid extracted from the liver of deep-sea fish. It is praised
as liquid gold since it is a valuable source of nutrition, such as vitamin A, vitamin D,
Docose Hexaenoie Acid (DHA), squalene and alkoxy glycerol. The naturally present
vitamin A and vitamin D in cod liver oil are very helpful for the growth of infants
and young children. There is a kind of biochemical substance called squalene in the
liver of giant sharks, which are found in the deep sea. The drugs made from squalene
have many significant clinical effects in treating cancer, hepatitis, heart disease, high
blood pressure and other diseases. The alkoxy glycerol in the liver oil can effectively
delay aging of various organs in the whole body and tissue cells. Alkoxy glycerol is
also called the “king of antioxidants.”

10.2.2.1 Extraction of Cod Liver Oil

In the eighteenth century, the process of extracting cod liver oil from the manual
workshop was mechanized and many innovations and breakthroughs were made
in this field. In the middle of the nineteenth century, the extraction process became

printed on 2/13/2023 6:03 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

10.2 Extraction and Preparation of Food Additives from Marine Resources = 303

. . |Extraction( Thick cod- Filter, removing Acid enzymatic Alkali refining L . .
[Cod liver OH liver ol impurity degumming acid Decodorization Refined oil

Figure 10.4: Extraction process of cod liver oil.

commercial. Cod liver oil preparation process now includes extraction and refining
(mainly divided into four steps, including degumming, deacidification, decolorization
and deodorization). A flowchart of the preparation process is shown in Figure 10.4.
The extraction process of cod liver oil has undergone four technical upgrading
in the course of its development process. On the basis of the old squeezing method,
several new technologies, such as cooking technology, solvent extraction, dilute alka-
line hydrolysis and the EAE method, have been developed
Squeezing method: This method is the oldest physical method in the early
stage. First, the fat combined with proteins is destroyed by physical pressure.
Then, the crude cod liver oil is obtained after centrifugation. Most of the cod liver
oil obtained by this method is a by-product of fish waste processing. The extrac-
tion efficiency is very low and the quality of the cod liver oil is poor. This method
is not used anymore.
Cooking technology: The liver is stewed directly in a pot with two layers. The
clear cod liver oil is obtained after precipitation for a period of time. This method
can be divided into indirect steam refining and water vaporization. These two
processes are basically similar. The difference is that the indirect steam refining
method uses water vapor as the heating medium. The shortcomings of this method
are low efficiency, long operation time and loss of most of the essence of fish liver.
Solvent extraction: The solvent extraction method involves extracting the oil
with organic solvents (such as chloroform) based on the solubility of the gradi-
ents. The fish oil and fat-bound protein cannot be separated by this method. The
oil extraction rate is low and there is organic solvent residue in the product, which
will affect the quality of the fish oil and the method causes environment pollution.
Dilute alkali hydrolysis: Cooking the chopped fish liver together with dilute
alkali solution (such as NaOH) is helpful to extract cod liver oil. The low concen-
trations of base can decompose the fish protein tissue and destruct the combina-
tion of protein and fish oil, which can accelerate the separation of cod liver oil.
There is chemical residue and the process will cause environmental pollution by
the traditional dilute alkali hydrolysis. The method has been modified by using
other medium to help in extraction, such as KCl, ammonia and ammonium salt.
The raw material and the by-products of the modified method, being traditional
fertilizer, can be further utilized.
EAE: Due to the selective hydrolysis of protease to proteins, the combination of
protein and fat is destroyed by protease. The stability of the emulsion is reduced
and the oil is then released. Enzymatic reaction conditions are mild and the active
ingredients in the liquid are not destroyed. The quality of oil can be improved by
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EAE. The small molecules, peptides and amino acids in the enzyme solution can
be fully used. To increase the extraction yield, EAE and solvent extraction have
been combined. The catfish viscera was enzyme digested for 2h at 45°C to obtain
crude oil, with the solid/liquid ratio of 1:6 and the amount of enzyme 1,400 U/g.
The crude oil was extracted and filtrated. Then the mixture of n-hexane/isopro-
panol was used to extract the oil with the solid/liquid ratio of 1:5 for 25 min. The
extraction rate of fish oil was 25.3%.

10.2.2.2 Purification of Cod Liver Oil
In the process of preparing fish oil, protein, pigment, phospholipids and other nong-
lycerol ester components remain in the crude oil. These substances will affect the
stability of oil. Further processing, including degumming, deacidification, bleaching
and deodorization, is required to refine and remove the nonglyceride components
and other impurities. In the process of refining oil, the physical and chemical proper-
ties of the oil need to be measured in different stages.
Degumming: The aim of the degumming process is to remove glial impurities in
the crude cod liver oil, such as phospholipids, proteins and viscous substances.
The degumming methods include acid refining degumming, hydration degum-
ming, membrane filtration degumming and enzymatic degumming. The phospho-
lipid content in fish oil is low. Since acids can neutralize the charge of colloidal par-
ticles and precipitate the colloidal particles, the acid refining degumming method
is commonly used for removing impurities. The glial impurities are removed after
centrifugation. The heavy metals and pigments in fish oil can also be removed
during degumming. Phosphoric acid, sulfuric acid and citric acid are the popular
acids used in the degumming process. The oil obtained is called crude oil.
Deacidification: The aim of deacidification is to remove free fatty acids in the
crude oil. Alkali refining deacidification is a frequently used method of deacidifi-
cation. In the process, sodium hydroxide is added to the crude oil. The free fatty
acids are converted into insoluble soap. The soap can absorb other impurities in
the oil. The soapstock is removed by centrifugation. The degummed oil is pumped
into the neutralization pot and heated to 30-40°C. The alkaline is added into the
pot with stirring at 60 rev/min and heated up to 60°C and the stirring speed is
reduced to 30 rev/min after a while. The soapstock is released after continuing
the reaction for 5-8 h. Water with a volume of 30%-50% oil is added and heated
to 40°C with stirring. The fish oil is neutralized by washing and centrifuged to
remove the residual soapstock and water.
Decolorization: Crude oil is generally brown owing to the products resulting
from the Maillard reaction between the carotene in fish oil and protein decom-
position products and their oxides. In order to remove the pigment, adsorption
method is often used. The common adsorbents used are activated clay and acti-
vated carbon. In order to avoid oil oxidation in the process of decolorization,
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vacuum is often used. The deacidified fish oil is pumped into a vacuum desic-
cator to be dehydrated under reduced pressure, and then heated to 100°C in a
bleaching tank. Then a mixture of 0.5-1% of acidic clay and activated carbon (8:1)
is added and stirred under reduced pressure. When the chroma of the product
meet the requirement, the product is filtered.

Deodorization: The aim of deodorization is to remove the degradation products of
proteins from the raw materials and the introduced pollutants the odorous ingre-
dients produced by oil oxidation and deterioration, such as ketones, aldehydes,
lower acids, peroxides. The oil deodorization methods include vacuum distilla-
tion deodorization, gas blowing method, polymerization and steam deodorization
method. The odors cannot be removed completely at low temperature and with
short process time. However, high temperature and long reaction times will lead
to oil oxidation. Therefore, the products are often injected into a high-temperature
steam under the high vacuum to remove the stink in cod liver oil.

10.3 Extraction and Synthesis of Drugs from Marine Resources

The development of modern marine drugs began in the 1960s, when the Japanese
scholars started researching Hipodoxin. In the past few decades, more than 15,000
compounds have been separated from marine animals, plants and microbes. Cefotax-
ime sodium salt, conotoxin, cytarabine and arabinosyl adenosine are typical examples
of drugs developed from marine precursor compounds. The analgesic drug Conotoxin
(Ziconotide) is considered as the first drug of marine origin. The precursor compound
of Ziconotide is the peptide toxin from conon (w-conotoxin). Ziconotide received the
US FDA approval in 2004. Currently, ziconotide is prepared by synthetic methods.

The research on modern marine drugs is focused on marine bioactive compo-
nents (i.e., marine natural products). The main marine bioactive components include
lipid, amino acids, peptides, sugars, glycosides, terpenoids, carotenoids, steroids,
nonpeptide nitrogen compounds, and so on. The pharmacological effects of marine
active substances include antitumor, antibacterial and antiviral, anti-inflammatory,
analgesic and antioxidative activities and they are mainly beneficial to the central
nervous system and the cardiovascular and cerebrovascular system. There are several
ways to develop marine drugs, including in vivo extraction of bioactive components
from marine organisms, artificial synthesis and biological fermentation.

10.3.1 Extraction and Degradation of Chitin/Chitosan
10.3.1.1 Extraction of Chitin/Chitosan

Chitin (poly(1,4)-2-acetylamino-B-p-glucan) was first extracted from the crustacean
shell by Odier in 1823. It has been confirmed that chitin can be extracted from
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arthropods, fungi, butterflies, mosquitoes, flies, silkworm and other pupa shell. The
content of chitin in crustaceans is about 20-30%, sometimes up to 58-85%. At present,
commercial chitin is usually obtained from shrimp and crab shell. Their content in
shrimp shell is about 20-25% and in crab shell is 15-18%. Chitosan is the deacetylated
product of chitin, which is soluble in dilute acid. Low-molecular weight chitosan can
even dissolve water. Therefore, chitosan is usually used as the raw material to develop
chitin. The bioproperties of chitosan include its ability to decrease blood pressure,
decrease blood sugar, decrease cholesterol, improve human immunity, promote cell
production as well as antibacterial, antioxidation, anticancer activities. Many phar-
maceutical products from chitosan have been commercialized, such as “Chitosan” for
weight loss, chitosan hemorrhoids antibacterial gel, eye protection solution, cosmet-
ics. Generally, the product soluble in 1% HAc is called chitosan, and that not soluble
in 1% HAc is called chitin. Chitin contains about 40% 2-acetylglucosamine sugar resi-
dues. The molecular structure of chitin and chitosan is shown in Figure 10.5.

The extraction process of chitosan varies with the raw materials. In the indus-
try, chitosan is extracted by treating shrimp and crab shell with acid and alkaline.
The process mainly includes decalcification, deproteination, decolorization and
deacetylation [8] (as shown in Figure 10.6). First, the shrimp or crab shells are washed
with water and dried. Then the shells are soaked in 4-6% dilute hydrochloric acid at
room temperature for 2 h to remove the calcium carbonate in the shell. After filtration,
they are neutralized by washing, and the shells are placed in 10% NaOH solution and
left to boil for 2 h to remove off the protein. Chitin is obtained after filtration, and neu-
tralized by washing and drying. To obtain chitosan, chitin is placed in 45-50% NaOH
solution and hydrolyzed at 100-100°C for 4 h or in 40% NaOH solution in an oven at
84 °C for 17 h. Chitosan is obtained after filtration, washing to neutral and drying. In
the reaction process, the concentration of NaOH and reaction time should be con-
trolled. When the sodium hydroxide concentration is less than 30%, no matter how
high the reaction temperature and how long the reaction time are, the deacetylation
degree (DD) can only reach about 50%. In the alkali solution with high concentration,
hydrolyzed degradation of the chitin polymer chain occurs. Therefore, the reaction
time must be strictly controlled. Due to the presence of astaxanthin in shrimp and
crab shells, oxidants such as potassium permanganate and sodium bisulfite are used
(to remove the color of the products). Or an organic solvent such as acetone is used to
extract the pigment.

CHZOH CH, OH CH, OH CH, OH
NHCOCH3

Figure 10.5: Molecular structure of chitin and chitosan.
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Figure 10.6: Extraction process of chitosan in shrimp and crab shell.

10.3.1.2 Degradation of Chitosan

The molecular weight of chitosan has a significant effect on its physical properties,
chemical properties and bioactivity. Chitosan with molecular weight less than 10,000
Da has many good physiological activities. Chitosan with molecular weight of 1,500
and 3,000 has excellent hygroscopicity and moisture retention ability. Its degree of
moisture absorption is stronger than that of hyaluronic acid, sodium lactate or glyc-
erol. The bacteriostatic ability of chitosan gradually increases with the decrease of
average molecular weight, and chitosan with the molecular weight of 1,500 has the
best antibacterial ability. Chitosan with degree of polymerization (DP) 6-8 has good
anticancer activity. Therefore, chitosan and its degradation has become the focus of
attention of researchers around the world since 1950S.

At present, the method of degradation of chitosan / chitin can be divided into
chemical degradation (acid degradation and oxidation degradation), physical deg-
radation (radiation degradation, ultrasonic and microwave-assisted degradation,
mechanical polishing degradation, high-pressure homogeneous degradation) and
enzyme degradation (specific enzyme degradation, nonspecific enzyme degradation,
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complex enzyme degradation). Chitosan can be degraded to different degrees accord-

ing to the degradation conditions. Chitosan with molecular weight of 1,000-100,000

Da, even oligosaccharides of glucosamine with the DP of 2-10, can be obtained using

these methods.

1. Chemical degradation

1) Acid degradation
The glycosidic linkage of chitosan is not stable in acidic environments and can
be hydrolyzed, which causes the chitosan polymer chain to break and then
form a number of fragments with different molecular weights. When the degree
of hydrolysis is high, chitosan can even be degraded to monosaccharides. The
acids used in chitosan degradation are usually strong inorganic acids (such
as hydrochloric acid, sulfuric acid, hydrofluoric acid) and other weak acids
such as acetic acid, nitrous acid, phosphoric acid. The cost involved in acid
degradation is low and the process is simple. However, the molecular weight
of the product is not easy to control. The molecular weight distribution of low-
molecular weight chitosan is broader, which usually affects its properties.
2) Oxidative degradation

Oxidative degradation is the process of oxidation between chitosan and the
oxidant, which leads to the chitosan polymer chain breakage. The popular
oxidants used in chitosan degradation are H,0,, nitrite, peracetic acid,
ozone, hypohalite and potassium persulfate [9-11]. H,0, is the most widely
used oxidant since no toxic chemical by-products are formed in the reaction
and the process is easy to handle. However, there are many disadvantages:
long reaction time is required, the reaction temperature needs to be strictly
controlled, random degradation, the molecular weight distribution of the
product is quite wide, browning reactions occur in the late stage of degrada-
tion. The disadvantages decrease the quality of the product. Oxidative deg-
radation has also been carried out homogeneously in IL 1-(4-sulfonic acid)
butyl-3-methylimidazolium hydrogen sulfate ((MIMBS]HSO,). At the optimum
conditions, aqueous solution of 8% [MIMBS]HSO,, n(H,0,):n(chitosan) =5:1,
reaction temperature equal to 80°C and reaction time 3 h, the yield of the
regenerated chitosan is 74%, and the viscosity-average molecular weight is
21.2 x 103[12].

Acid hydrolysis and oxidation degradation involve the use of chemical
reagents, which inevitably causes waste pollution. However, they are still
the most commonly used methods in industry due to low cost and mature
technology.

2. Physical degradation method
In physical degradation, a physical electric field, high-energy electromagnetic
waves, ultrasonic wave or microwave, are used to supply energy to break the
polymer chain of chitosan. At present, the most researched and mature methods
are radiation, ultrasonic and microwave degradation.
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In radiation degradation, the polymer chains are irradiated and break. Radi-
ation degradation is a kind of random degradation. The molecular weight of the
obtained fractures distribute randomly. Irradiation by y-ray produced by radionu-
clide Co-60 is the most common method used for chitosan radiation degradation.
Ultrasonic degradation involves degrading chitosan by ultrasonic wave through
destroying the glycosidic bond by the mechanical force generated by ultrasound,
which leads to the breaking of chitosan molecular chain. During microwave
degradation, microwave is used to induce particle movement or rotation, which
causes friction between molecules and produces heat.The heat breaks the mol-
ecules into free radicals and then causes polymer chain break to produce low-
molecular weight fractures [13].

Radiation degradation involves no additives. The cost of radiation degrada-
tion is low and the process is easy to control. There is no pollution generated
during the process and the quality of the product is high. However, it requires
a special ionizing radiation equipment, and the high radiation intensity is not
safe to the operator. Radiation is also likely to cause some cross-linking and dis-
proportionation reaction, leading to changes in the product structure. Ultrasonic
degradation and microwave radiation degradation have the advantages of simple
operation, short reaction time, simple posttreatment process, and of causing less
environmental pollution [14].

Enzymatic degradation

Enzymatic degradation of chitosan involves cutting off the chitosan polymer
chain through interaction between the enzyme and chitosan to yield chitosan
with lower molecular weight. The enzymes that can degrade chitosan can be
divided into specific and nonspecific enzymes according to their selectivity. Chi-
tosanase is a chitosan depolymerization enzyme that can specifically degrade
chitosan without degrading colloidal chitin. In addition, other enzymes such as
chitinase, lysozyme, glucase, protease, esterase, cellulase, hemicellulase and
pectinase can also degrade chitosan. However, these are nonspecific enzymes,
which can degrade various substrates. In recent years, complex enzymes formed
by different enzymes and immobilized enzymes are also being used to improve
the degradation efficiency and selectivity of chitosan degradation. The post-
processing method is also simplified [15].

There are no by-products formed during enzymatic degradation. The degra-
dation conditions are mild and the relative molecular weight distribution of the
degraded products is easy to control. The bioactivity of the obtained chitosan is
high and the product does not need to be desalted. However, large-scale produc-
tion of the enzyme is difficult, which hinders the commercialization of enzymatic
degradation.

Combined degradation method
Acid hydrolysis, oxidation and enzymatic degradation all have their own
advantages and also many unavoidable disadvantages. Therefore, combining
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several degradation methods together to improve the degradation efficiency
has been investigated [16]. Saccharifying enzyme/H,0, two-step degradation of
chitosan involves the following degradation conditions: mass ratio of enzyme
to chitosan of 0.008:1, temperature of 62°C, degradation time of 33 h, 12.6% H,0,
concentration; in this reaction chitosan with molecular weight of 2.5 x 10° Da
could be degraded into chitosan with molecular weight of 470 ~ 1102 Da with a
yield of 83.3%. The method has the advantages of being simple, producing no
pollution, involving easy separation and purification steps, having mild reac-
tion condition, yielding less by-products and having a high degree of degrada-
tion. Chitosan with DD of 70% and average molecular weight (Mw) 90.502 x 10°
in dilute lactic acid solution containing H,0, (1%) was effectively degraded by
irradiation with gamma 60-Co radiation (1.3302 kGy/h) at doses in the range
4-16 kGy. There was particularly strong synergy between H,0,and radiation for
degradation at the lower radiation doses. Radiation scission yields (Gs) were
found to be 2.202 and 0.202 pmol/] for 5% chitosan with and without 1% H,0,,
respectively [17].

10.3.2 Total Synthesis of Marine Drugs

Up to now, a lot of marine active substances with good biological activities have
been extracted from coral, sponge, conch, sea rabbit and other marine organisms.
However, due to the very low content of active substances in marine organisms,
and the difficulties involved in extraction and separation, direct separation and
extraction of marine bioactive components has not been able to yield enough
products to meet actual industrial and clinical scientific research requirements.
Moreover, some substances have low activity and even high toxicity. Therefore,
study and development of methods for artificial synthesis or chemical structure
modification, using the natural marine bioactive substances as the precursor com-
pounds, to obtain compounds with high activity and low toxicity have become
research hotspots.

As the structure of the natural active material is usually very complex, the
process of synthesis is tedious, cumbersome and involves too many steps. Therefore,
the development of green chemical reaction methods to improve the atomic economy
and reaction efficiency is important to make advances in this area of research. For
example, the active substance Naamidine A isolated from sponge has excellent bio-
logical antagonistic activity. The minimum inhibitory rate of 85% in the nude mice
transplanted tumor of human skin squamous cell carcinoma (A431) is achieved at
the maximum tolerated concentration of 25 mg/kg. Naamidine A was first isolated
from sponges by Carmely and Kashman in 1987, and the researchers began to explore
the total synthesis of naamidine A. In 2000, Otha achieved the total synthesis of this

printed on 2/13/2023 6:03 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

10.3 Extraction and Synthesis of Drugs from Marine Resources = 311

compound for the first time, but the total yield of the 13-step reaction is only 1.2%.
In 2006, Aberle et al. obtained a greener naamidine A synthesis method, which uses
a relatively cheap commercial chemical Boc-Tyr(Bzl)-OH(1) as the starting material.
p-tert-Butyloxycarbonyl (Boc)-protected amino acid was subjected to methylation
reaction to give the intermediate (2) with a yield of 96%. There was no methanol ester
by-product in the reaction. The methylation reaction is important for the subsequent
formation of imidazole rings to ensure stereoselectivity, followed by the formation of
Weinreb amide (3, yield 86%). The Weinreb amide is treated with Grignard reagent
to give the protected R-aminoketone (4, yield 62%). Then, (4) is deprotected with 4
mol/L HCl in ether and reacts with cyanamide to yield trisubstituted 2-aminoimi-
dazole, which is further catalyzed to remove benzyl to get naamine A (5, two-step
process with yield 86%). 1-Methylparabanic acid (6) reacts with N,O-isotrimethylsi-
lylacetamide to yield silylated methylglyoxide (7). Subsequently, (7) and (5) further
react together to yield naamidine A in one step. This synthesis process is simpler than
the old process, and the yield is increased from 1.2% to 35%. The synthesis scheme is
shown in Figure 10.7.

10.3.3 Extraction of Active Substances from Microbial Secondary Metabolites

Since penicillin was discovered and successfully used in the treatment of infectious
diseases, microbial metabolites have become an important source of new drugs.
Marine microorganisms have unique living conditions, which affect their metabolic
pathways. Secondly, the metabolites are often rich in variety and have novel struc-
tures and unique activities. Therefore, it has become a hot topic in the field of natural
medicine chemistry to search for bioactive products among marine microorganisms.
Especially, the study of bioactive products of marine-derived fungi has received a lot
of attention.

Most of the secondary metabolites of marine microorganisms secrete out from the
cell. The preparation of secondary metabolites mainly involves two processes: bio-
logical fermentation and subsequent fermentation. In the process of fermentation,
the fermentation conditions (including pH, temperature, time, oxygen and shaking
speed) should be optimized to obtain the highest content of active substances in
the fermentation broth. The separation and purification process of fermentation
broth involves the separation and purification of the active ingredients by centrifu-
gation, extraction, precipitation, chromatography, membrane separation and other
methods [19].

The marine fungus Aspergillus fumigatus H1-04 was processed with shaking fer-
mentation, and followed by extraction [20]. An active extract of 3.2 g was obtained
from 10 L of the fermented product through extraction with chloroform. Seven kinds
of alkaloids with anticancer activity were separated and purified by silica gel column
chromatography and prepared using liquid chromatography. The specific operation is
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Figure 10.7: Synthesis scheme of naamidine A [18].

as follows: The H1-04 fungi is cultured in the medium of old seawater and potato juice
agar (PDA). The fungi seed culture medium is obtained after several repeated subcul-
ture, slant culture, and liquid culture on PDA medium. The seed culture solution is
inoculated into 100 500-mL Erlenmeyer flasks containing 100 mL of liquid medium.
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The final volume fraction of the seed culture solution in the flask is 5%. The fungi are
fermented at 28°C with a stirring speed of 120 rev/min for 6 days, obtaining 10-L fer-
mentation broth containing the active products. The active components are obtained
as the chloroform extract after subsequent centrifugation, extraction and fractional
elution. Chloroform extract weighing 3.2 g is dissolved in an appropriate amount of
the mixture of chloroform/methanol and 15 g of silica gel H is added to the sample and
put into the column by dry column-packing method. Five alkaloids, tryptoquivaline
and pseurotin A are obtained by gradient elution. One of the alkaloids (-)-(1R,4R)-1,4-
(2, 3)-indolmethane-1-methy-1 2, 4-dihydro-1H-pyrazino [2, 1-b]quinazoline-3,6-dione
was isolated from nature for the first time.

10.4 Extraction Rare Elements from Ocean

Ocean exploration is getting more and more attention since the 1960s. In recent years,
the shortage of many important elements made it a global hotpot to search substi-
tutes from the ocean. The work mainly focuses on extracting rare elements from the
marine mineral, seawater and marine organisms. The tuberculosis mineral reserves
of multiple metals (TMM) are abundant in the sea. There are about 3.0 x 10" tons of
TMM at a depth of 3,500-6,000 m, which contains dozens of elements, including Mn,
Fe, Ni, Co and Cu. The storage of Mn could afford the world 18,000 years, and that of
Ni 25,000 years

Seawater not only hosts thousands of life forms and abundant mineral sources,
but also has a huge chemical reserves. There are more than 80 elements in seawater
in the form of simple ions or coordinated ions. The elements become solid, in the form
of salt, when the seawater is condensed and crystallized. Moreover, some elements
can be extracted from marine organisms, such as iodine from seaweeds. Up to now,
a dozen of elements have been extracted from seawater. The content and form of the
elements are shown in Table 10.1.

Table 10.1: Some elements have been extracted from seawater.

Element Existent form Con. (pg/L) Element Existent form Con. (pg/L)
H,0 1.1 x 108 Ca Ca?* 4.1 x10°
(0] H,0, 0, 8.8 x 108 Br Br- 6.7 x 10*
cl cr 1.9 x 107 Sr Sr2* 8.0 x 10*
Na Na* 1.1 x 107 | 1057, I 6.0 x 10?
Mg Mg?* 1.3 x 106 Ba BaZ* 2.0 x 10
S S0,%, Naso,~ 9.1 x 108 Au AuCl,” 4.0 x 107
K K* 3.8x10° u U0,(CO5),* 3.2 x10°
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10.4.1 Potassium (K)

In the 1930s, the Norwegian scientist Jill had applied the first patent for the extraction of
potassium from seawater by dipicrylamine method, following which a lot of scientists
in the world have devoted themselves to develop technologies to recover potassium
from seawater. The technologies are mainly focused on developing new extracting
agents and optimizing extracting processes. The development of new extracting agent
with high efficiency and low cost is a real bottleneck in the industrialization of extrac-
tion of potassium from seawater. The extraction methods include chemical precipita-
tion, solvent extraction, membrane concentration and ion-exchange concentration.
Chemical precipitation is the oldest method, in which proper precipitation agents
are used to precipitate potassium according to the solubility differences of different
potassium salts. Potassium is precipitated from seawater as insoluble salts. The pre-
cipitation agents include dipicrylamine, sulfate, phosphate, fluorosilicate and per-
chlorate. During solvent extraction, potassium is concentrated and separated since
the partition coefficient of potassium is different in extracting agent and seawater.
Some extracting agents can precipitate potassium selectively. Generally, the price of
the extracting agent is high, and the extraction efficiency is low for extracting potas-
sium from seawater due to the extremely low concentration of potassium in seawater.

Currently, membrane concentration and ion-exchange concentration are the
most popular methods for extraction of potassium. Membrane concentration is a new
separation technology in chemical engineering. It does not yield satisfactory results
in the extraction of potassium from seawater owing to low capacity and selectivity,
and is still in exploratory stage [21]. The ion-exchange method is more practical, and
has been used in industries. Resin, inorganic ion exchanger, ion-sieve membrane and
natural zeolite have been used to absorb potassium [22, 23].

Among all ion exchangers, zeolite is more popular and practical. Potassium is
selectively absorbed, concentrated and then deabsorbed to obtain a solution with
high concentration of potassium. In 1972, a technology for extracting potassium from
seawater to prepare KCl with natural zeolite was developed. In 1975, a 10 ton scale
technology was successfully finished and in 1983, a 1,000 t factory was built with
natural zeolite as the concentration agent to extract potassium from seawater. The
process is shown in Figure 10.8.

A technology named new continuous ionic exchange (ISEP) was developed for
extracting potassium from seawater in 2007, where zeolite was used as the absor-
bent. Compared with fixed bed, the ISEP system has the following advantages: the
concentration of K* of product and the recovery rate of K* are more constant, the uti-
lization rate of zeolite is higher, and continuous manipulation is easier to carry out
[24]. The technology solves the problem of potassium concentration and separation
effectively and economically. Both the pilot scale and commercial tests have been suc-
cessfully finished. It decreased the cost and made the extraction of potassium from sea-
water commercializable. The ISEP scheme is shown in Figure 10.9. There are 20 columns
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Figure 10.8: Extraction process of KCl from seawater with a natural zeolite as the enrichment agent.
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Figure 10.9: Technological process of the continuous ionic exchange system of extracting potassium
from seawater [24].

(totally 7 kg of modified zeolite was uploaded) in the equipment. There are four sections,
including the absorption section (column 1-10), cold water washing section (column
11-12), elution section (column 13-18) and hot water washing section (column 19-20).
The raw seawater enters the adsorption section from top and comes out at the bottom
after adsorption. Then it flows into the elution section from the bottom and comes out
at the top as a potassium-rich solution. The adsorption, elution and washing steps can
be carried out at the same time, which makes sure the operation is continuous and
the feed and regenerator flow continuously. The components and the concentration
of the product are constant. The concentration of K* in the enrichment solution can
reach 63.07 g/L, which is 166 times more than that in seawater. The recovery rate of K* is
90.0%. The technology has many advantages: compact arrangement of the equipment;
simple tube system; fewer auxiliary grooves, tanks and pumps and low operation cost.

10.4.2 Extraction of Bromine
Ninety-nine percent of bromine in the earth exists in ocean. That is why bromine is

called “marine element.” The concentration of bromine in seawater is so high that
the total amount of bromine in seawater is up to 9.5x10° tons. Extraction of bromine
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from ocean has a history of more than half a century and research in this area has
made considerable progress. Besides the earliest aniline process, many methods have
been developed, including ion-exchange resin adsorption, gas membrane process,
emulsion liquid membrane, agitated bulb membrane absorption and high-gravity air
stripping technology.

Air blowout method is the most popular technology for bromine preparation
and has been widely used to extract bromine from seawater. Bromine blowing out
process is shown in Figure 10.10. The air blowout method involves the use of chlo-
rine to oxidize Br in seawater to get Br,. Then, Br, is blown out by air and becomes
liquid bromine. Sulfur dioxide (SO,) is used to absorb the Br, and obtain mist droplets
containing hydrogen bromide (HBr) and sulfuric acid (H,SO,). The mist droplets are
then captured in a glass fiber bed. A primary acid liquor (PAL) product stream that is
rich in bromine (40% w/w) is then obtained, from which product bromine is easily
recovered. In this process, the stripping rate is low. The stripping rate can only reach
75~85% even under the most suitable conditions. The technology also has high ener-
gy-consumption and narrow temperature range of application.

A modified air blowout method named high-gravity air stripping technology
method (Figure 10.11) has been developed. In this process, a rotating packed bed is
used to strip bromine out from the solution. Air is sent by the centrifugal fan to the
bottom of the rotating bed, passing through the packing layer in the axial direction.
The oxidizing liquid is introduced into the rotor cavity from the liquid inlet pipe.
The oxidizing liquid is dispersed and broken into a large and constantly changing
surface under high-speed rotation. Under the circumstances of high dispersion,
high turbulence, strong mixing and rapid updating of the interface, the oxidizing

Sulfur dioxide addition

Reaction loop - gas phase /\

Added chlorine

Chlorinated
seawater

Seawater

%

e

Blowout tower Debrominated seawater
(BOT) discharge

Glass Fiber
Mist Eliminator

Bromine-rich
primary acid liquor
(PAL Product)

Figure 10.10: Bromine blowing out process [25].
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Figure 10.11: Process scheme of stripping free bromine in rotating packed bed [26].

liquid contacts with air reversely with a very high velocity in the curved channel.
The mass transfer process between the oxidizing liquid and air is great enhanced
and the free liquid bromine is blown out efficiently. The results show that under
the conditions of temperature 20-25°C, gas—liquid volume ratio of 120, pH 3.5 and
a high gravitational factor of 84.67, the single-stage strip rate of the oxidized liquid
with the total bromine concentration of 250 mg/L can reach 88% or more, and the
triple-stage strip rate can reach 93%. The strip rate is 10% higher than that of the
traditional tower equipment (being 75-85%). Under the same operation conditions,
the single-stage strip rate of the oxidation liquid with a total bromine concentration
of 2,000 mg/L is 94.5%. The stripping effect is much better and the energy con-
sumption is reduced. This method has the advantages of high stripping rate, lower
pressure drop, small occupation area and low energy consumption, which make it
suitable for application.

10.4.3 Extraction of Lithium

Lithium is the lightest metal in nature. It is recognized as the energy metal which
promoted the world, which has broad application prospects in the field of chemical
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power supply, new alloy materials and nuclear fusion power generation. As lithium
ore resources in land are not sufficient to meet human needs at present, research-
ers have begun to explore technologies for extraction of lithium from seawater.
One of the earliest lithium extraction methods is the solvent extraction method,
which is suitable for aqueous lithium solution with high concentration. The con-
centration of lithium in seawater is very low, only 0.17 mg/L, which needs to be
concentrated. Thus, the process is time-consuming and laborious, and not suitable
for large-scale industrial application. Therefore, adsorption method is considered
the most promising method to extract lithium from seawater with low lithium con-
centration [27].

In the adsorption process, there are some key processes like the development of
adsorbents that are selective, recyclable and of relatively low cost. The adsorbents
can be divided into organic and inorganic adsorbents. Organic adsorbents are usually
organic ion-exchange resins. Inorganic ion-exchange adsorbent has high selectivity
to lithium. Some inorganic ion-exchange adsorbents with ion-sieve effect particu-
larly have excellent adsorption property. Inorganic ion-exchange adsorbents mainly
include amorphous hydroxide, layered polyvalent metal acid salt, antimonates and
ion-sieve adsorbent [28]. The representative materials and adsorption principles of
the inorganic ion-exchange adsorbents are shown in Table 10.2.

As far as stability, selectivity and cost are concerned, the ionic sieve oxides,
such as ion-sieve adsorbent, spinel manganese oxide (RMn,0,), have been widely
researched. RMn,0, has a spatial structure suitable for the migration of Li ions. In
the spinel manganese oxides, the oxygen atoms are cubic close packed. Manganese
atoms (Mn) are alternately located in the interstitial positions of the close packed
oxygen atoms. The manganese oxide skeleton forms a three-dimensional network of
tetrahedron (Figure 10.12) coplanar with octahedron, which is favorable for the dif-
fusion of lithium ion (Li*) and highly selective for Li*[29]. Lithium manganese oxide
(Li,3;Mn, ;0,) was synthesized by Japan Institute of Marine Resources and Environ-
ment. The highest adsorption capacity for lithium is 25.5 mg/g (powders without PVC)
and 18 mg/g (powders with PVC). The maximum adsorption capacity of Li; Mn, O, to
lithium was 40 mg/g after the addition of PVC [30].

Table 10.2: Adsorbents and absorption principle of lithium absorption.

Absorbents Representative examples Adsorption principle
Amorphous hydroxide Aluminum oxides and hydrous oxides Hydroxyl cation

Layered polyvalent metal acid Arsenate and phosphate Interlayer interaction

salt

Antimony salt LiSbO5 Intermolecular interaction
lon sieve Spinel-type titanium oxide, Li-Mn oxide lon exchange
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Figure 10.13: Seawater extraction process diagram.

Before and after lithium manganese oxides were eluted with suitable eluent, they
were referred to as lithium ion-sieve precursor and lithium ion-sieve, respectively.
Lithium ion-sieve still kept the original spinel structure, which made it a lithium-
selective absorbent [4]. The ratios of both lithium extraction and manganese loss are
important indicators to evaluate the effect of elution. The higher the lithium extrac-
tion ratio and the lower the manganese loss ratio, the better the elution effect of
eluent. At present, many inorganic acids such as sulfuric acid, hydrochloric acid and
nitric acid, salts such as ammonium persulfate, sodium persulfate, peroxydisulfate
and potassium persulfate are main eluents for the precursor [31].

The facilities are important to extract lithium from seawater through adsorption.
In a Japanese patent, granular adsorbent is loaded in a pressurized water tank of
ship. The seawater enters the tank with adsorbent from the excess at the bottom of
the ship. The excess has a check valve. Water passes through the absorbent bed to
reach its upper part. Then, the seawater is pumped out the hull. The ship sails slowly
in the outer sea, which makes the adsorbents in adsorbent bed tank fully in contact
with the seawater. The ship returns after about 20 days. After landing, the adsorbent
is pumped into the desorption tank on the land by a sand pump and immersed into
15% hydrochloric acid solution. The desorbed liquid is concentrated, processed and
separated to obtain lithium. After desorption, the adsorbents are pumped back to the
ship and recycled. The detailed process is shown in Figure 10.13.
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10.4.4 Extraction of Uranium

Uranium is an important nuclear fuel. With the rapid development of atomic energy
industry, the demand for uranium is increasing. However, the total amount of uranium
on land is only 1 million tons, but the whole sea contains 4.5 billion tons of uranium,
about 1000 times as much as is available from all known terrestrial ores. If a commer-
cial uranium extraction technology can be developed, the ocean will likely become
an almost inexhaustible uranium repository. However, developing a cost-effective
uranium extraction process is a huge challenge due to the uranium concentration in
seawater being very low, only 3.3 pg/L [32].

From the 1950s, Germany, Italy, Japan, the United Kingdom and the United
States have carried out research on uranium extraction from seawater. The methods
of adsorption, chemical precipitation, biological treatment, membrane treatment,
flotation, superconducting magnetic separation, etc. have been investigated. Up to
now, no country has successfully developed a commercially viable technology for the
extraction of uranium from seawater. Due to uranium being present in seawater as
the UO,*cation and various carbonate and hydroxyl species, the adsorption method
is recognized as one of the most efficient methods, mainly through chelation of UO.?*.
A good absorbent of uranium requires many properties, including high selectivity to
UO,*cation, high adsorption capacity, fast adsorption speed, good chemical stability,
high mechanical stability, ease of recovery and low cost. There are three technical
steps in uranium extraction, including absorbent preparation, operation in sea, and
uranium elution and purification. According to the report of Japan nuclear power
bureau, in a commercial operation of uranium extraction with fiber absorbent in the
production scale of 1,200 t/a, the absorbent costs more than 69%, operation in sea
costs 29%, and uranium recovery and purification costs 2% [33].

The adsorbents commonly used in uranium adsorption are inorganic adsorbents
(alkaline earth metal or transition metal oxide or salts, such as lead compounds,
manganese dioxide, basic zinc carbonate, hydrated titanium oxide, metal sulfide);
small organic ligands (such as phosphonic acids, amino phosphonic acids, ami-
doximes,1, 10-phenanthroline-2,9-dicarboxylic acid, and ligands with acid or amine
groups); polymeric fiber sorbents [34], such as polyacrylonitrile, polypropylene,
poly(1-vinyl)imidazole and polystyrene and the their copolymer and derivatives, and
organic/inorganic hybrid adsorbents (such as polyacrylamide/attapulgite clay nano-
composites, polypropylene montmorillonite nanocomposites, polymethacrylic acid/
montmorillonite nanocomposites, polyacrylonitrile/montmorillonite nanocompos-
ites and poly(amidoxime)-reduced graphene oxide). In general, inorganic adsorbent
material has the advantages of fast adsorption speed, easy recovery and elution, and
the disadvantage of poor selectivity to uranium adsorption. Organic adsorption mate-
rials have better selectivity for uranium, while there are many problems, such as slow
adsorption rate and low adsorption capacity. Organic/inorganic hybrid materials
have the advantages of high mechanical strength, high uranium adsorption capacity,
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and low interference by the coexistence ions. The hybrid material is more ideal for
uranium extraction.

American Oak Ridge National Laboratory and Hill have developed a polyethylene
composite fiber adsorbent (HiCap) which has high surface area and high adsorption
capacity. HiCap is has remarkable uranium adsorption capacity, adsorption rate and
selectivity. HiCap has a uranium adsorption capacity of 146 g/kg in the mixed solution
whose uranium concentration is 6 ppm at 20°C, that is 7 times the capacity of the most
advanced adsorption material in the world. HiCap has an adsorption capacity of 3.94
gU/kg in seawater, which is more than five times that of the other best absorbents. In
terms of selectivity, it is seven times more selective than the current best adsorbent. In
June 2012, HiCap was awarded as one of the most important technological innovation
of the year by the United States “R & D magazine” and won the “100 R & D Award” [35].

In 2013, Lin Wenbin, who is a professor of chemistry at the University of North
Carolina in the United States, reported a metal organic skeleton material (MOFs)
that was prepared using the amino-TPDC or TPDC bridging ligands containing
orthogonal phosphoryl urea groups (TPDC is p,p.-terphenyldicarboxylic acid).
The MOFs exhibited near quantitative removal of uranium from water and artifi-
cial seawater, surpassing that of amidoxime polymers by at least fourfold. MOFs
were shown to be highly efficient in sorbing uranyl ions, with saturation sorption
capacities as high as 217 mg U/g sorbent, which is equivalent to binding one uranyl
ion for every two sorbent groups. The ligand structure and SEM image of MOF are
shown in Figure 10.14. The production cost of uranium from seawater in Japan is
about US$ 560/1b uranium (US$ 1,230/kg uranium). US production costs are US$
300/1b uranium (US$ 661/kg uranium). The research and development of materials
by Lin Wenbin reduced the production cost of uranium to $ 150/1b (330 US dollars/
kg of uranium), which is very close to the highest spot price ($ 137/1b) in the world’s
uranium market in the past 25 years. It has been shown that the MOF material that
has great commercial application prospects. In 2015, the group of Lin reported a

206 11 Frmm x3 60K SE(M]

Figure 10.14:The ligand structure (a) and scanning electron microscopy (b) of MOF [37].
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novel bifunctional chelator, (Z)-2-[2-(N’-hydroxycarbamimidoyl)phenoxy]benzoic
acid which has a ultrahigh uranium uptake capacity. In artificial seawater (pH 8.2),
an exceptional uranium uptake of 553 mg of uranium/g of sorbent with a theoreti-
cal saturation capacity of 710 mg/g was obtained by fitting isotherm data with the
Langmuir-Freundlich model [36].

Ion-imprinting is a good method to prepare absorbent with good ion selectivity
of uranium over other ions, especially vanadium in seawater. Surface ion-imprinted
polypropylene nonwoven fabric is prepared by copolymerization of 4-vinylbenzyl
chloride and 1-vinylimidazole in the presence of uranyltricarbonate complex. The
sorption capacity was 133.3 mg/g within 15 h at pH 8.0 and 298.15 K. The imprinted
fabric shows excellent selectivity toward uranium (K, = 201) over vanadium (K, = 98.8)
and the other coexisting ions (K< 10) in seawater. It also exhibits good salt-resistant
stability and can be regenerated efficiently after five cycles. The obtained imprinted
fabric has potential for extracting uranium from seawater [38].

Material for extracting uranium from seawater can be packed on different adsorp-
tion devices to ensure that the adsorbent makes good contact with seawater. Cur-
rently, there are several types of devices, including adsorber, bed, biological device
and membrane. In the type of adsorber, the adsorbent is put into the fishnet bag or
compiled into a rope, coupled with the floating body, and then placed in the sea. The
natural seawater is allowed to flush the adsorbent net bag to achieve the purpose of
uranium adsorption. In the type of bed, two dams are built in the sea to form a pool, in
which the absorbent is placed. The adsorbent is placed in the pool. Taking advantage
of tide fluctuation, seawater passes through the absorption bed in the dam, scouring
the adsorption bed for uranium adsorption. To achieve commercial acceptance, the
adsorbent material and the adsorption methods need to be researched to improve the
adsorption efficiency and reduce production costs.

10.5 Desalination

Water is the source of all life, while the freshwater resources on land are very scarce
and unevenly distributed in the world. The oceans account for 71% of the total
area of the earth. The total volume of seawater is 1.37 x 10* m>. If there is a suita-
ble “desalination technology” to convert seawater into freshwater which can meet
human needs, water resource problems will no longer be an issue to human beings.
The history of desalination can be traced back to the AD third century. The sailors
used a sponge to absorb the water vapor from the seawater and then squeezed the
condensed freshwater out for the journey at that time. It was in the late eighteenth
century that seawater desalination was realized commercially. The earliest desal-
ination plant was built in 1881 on the Mediterranean island of Malta. Seawater
desalination technology has been used in 155 countries around the world to solve
water shortage problems of more than 100 million people. In 2016, the global water
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production by desalination was projected to exceed 38 billion m’ per year. Although
the desalination technologies are mature enough to be a reliable source for fresh-
water from the sea, a significant amount of research and development has been
carried out in order to constantly improve the technologies and reduce the cost of
desalination.

Seawater desalination is an industrial technology involving the use of chemical
or physical methods to remove the salt contained in seawater in order to obtain water
with low salt concentration. According to the separation process, seawater desalina-
tion mainly includes distillation, membrane separation and freezing method. Distil-
lation is the process of heating seawater to evaporate water and then condensing the
steam to obtain freshwater. It can be divided into multistage flash, low-temperature
multieffect distillation and gas distillation [39]. The membrane method involves using
external energy or chemical potential difference as the driving force to separate salt
and water with a natural or synthetic polymer film or polymer composite membrane
(such as cellulose acetate, polyamide composite, nanotube- or aquaporin-based
membranes) [40]. Based on the resources of driving power, it can be divided into
electrodialysis, reverse osmosis and so on. Low-temperature multieffect distillation
technology has developed rapidly in recent years due to its high energy efficiency.
The scale of the devices is growing and the cost is increasingly reduced. Reverse
osmosis desalination technology is undergoing rapid development, while the project
cost and operating costs continue to decline. Both thermal distillation and membrane
technology have a wide range of applications. The investment and performance of
major desalination technologies are shown in Table 10.3.

Low-temperature multieffect distillation desalination technology involves
desalination at a maximum evaporating temperature of 70°C. A series of horizontal
tubes falling film evaporator collect serially. The evaporation temperature is lower
than that of the previous effect. The secondary steam generated from last effect is
used as the heating steam of next effect. The secondary steam is reused, resulting
in more distilled water than the initial steam volume. The key techniques involve

Table 10.3: Comparison of investment and performance of major desalination methods.

Desalination method Low-temperature Reverse  Multistage Steam
multieffect distillation osmosis flash distillation

Major equipment Low Lower Slightly higher  Slightly higher

investment

Water intake and High Low Slightly higher  Low

pretreatment investment

Operating costs Lower Lower Lower Slightly higher

Equipment life (a) Long Long Long Long

Water quality (salinity mg/L) 500 5 5 5

Technical maturity Mature Mature Mature Mature
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controlling the maximum operating temperature below 70°C, slowing down and pre-
venting equipment corrosion and scaling problems. In addition, the lower operating
temperature makes it possible to use other low-cost materials, such as aluminum
alloy heat-transfer tubes and carbon steel shell with special anticorrosion coating
to reduce the cost of seawater desalination equipment. The process of low-tempera-
ture multieffect desalination is shown in Figure 10.15. Low-temperature multieffect
distillation of desalination technology has been basically mature. The focuses of
its research are the application of new materials and new technology, scale up in
single unit, etc. in aim to reduce equipment costs and operating costs and improve
competitiveness.

The concept of seawater reverse osmosis desalination (SWRO) was first proposed
in 1930. In 1953, the research results of Prof. C. E. Reid of the University of Florida
proved that freshwater could be obtained from seawater through reverse osmosis on
cellulose acetate membrane. In the past two decades, reverse osmosis technology has
developed rapidly. Reverse osmosis technology is to use a film to separate two kinds
of water with different salt concentration. The pressure is higher than the osmotic
pressure difference, which forces the water to diffuse from the high concentration side
to the low concentration side. The detailed process of SWRO is shown in Figure 10.16.
SWRO mainly involves the use of seawater preheating system and reverse osmosis
desalination system. The seawater preheating system is usually used in winter at
low temperature. First, the raw water is preheated with water from the desalination
system and the concentrated water. Then the raw seawater is further heated with the
recycled hot water from the boiler to meet the minimum temperature requirements
for reverse osmosis systems. Reverse osmosis desalination system mainly comprises
a high-pressure pump, booster pump, pressure exchange energy recovery device and
reverse osmosis membrane group. About 40% of the raw seawater is pressurized
through high-pressure pump and about 60% through the energy recovery device and
booster pump. The two seawater are mixed and enter the reverse osmosis membrane
group. The freshwater passes the reverse osmosis membrane (product water) and
flows to the product pool outdoor and then is transported to the end user by vari-
able-frequency water pump. The concentrated raw seawater (concentrated brine) is
discharged to the saltern to prepare salt.

Reverse osmosis membrane group is the core of seawater desalination. There-
fore, in order to adapt to the industrial needs and reduce membrane costs, new mem-
brane materials are being constantly developed. The earliest commercial membrane
is cellulose acetate asymmetric membrane developed by Reid. At present, the reverse
osmosis membrane and its components are quite mature. The commercial mem-
branes are mainly aromatic polyamide-based films, whose desalination rate is higher
than 99.3%. The water flux and antipollution and antioxidation capabilities are con-
tinuingly increasing and the price is stable with a slight decline.

In the SWRO process, different effects can be achieved by varying the number and
combination of membrane modules. The current process combinations are mainly
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Figure 10.16: Process flow of reverse osmosis seawater desalination.

single level, parallel, cutoff level and product level. The single level is the simplest
combination, having only one membrane module with suitable capacity. Parallel
means that multiple membrane modules are connected in parallel to increase the
yield, while the system desalination rate and the recovery rate do not change. The
cutoff level is also known as multistage or series, in which the concentrated saltwater
from the first level is used as the feed water for the second level to improve the recov-
ery rate. Using the product water from the first level as the feed water for the second
level can improve the desalination rate.

The twenty-first century is the century of exploiting ocean. To obtain the expected
chemicals from ocean efficiently, economically, safely and environmental-benignly,
more attentions should be paid to new extraction and separation methods. Extrac-
tion with the assistance of new energy (including ultrasound, microwave, etc.)in
greener solvents( such as IL and water) is potential in exploiting marine resources.
Separation processes, such as adsorption, membrane separation, chromatography,
are prospective to obtain pure products. Enzyme methods are also a good choice
to exploit marine resources with high efficiency under mild conditions. New syn-
thesis methodologies such as combinatorial chemistry are required to obtain new
drugs from marine bioresources at increased product scale and decreased cost.
Structure design with computational chemistry using natural chemicals separated
from bioorganisms and microbial secondary metabolites as the lead compound is
also a shortcut to obtain new drugs with high pharmaceutical activities. Moreover,
long-term international cooperation needs to be established to preserve and utilize
marine reserves.
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Questions

1. Why is it important to develop green chemistry for exploiting marine resources?

2. What kinds of resources exist in ocean?

3. Please introduce the green extraction methods of algal polysaccharides and their

advantages.

4. Please illustrate the preparation methods of pharmaceuticals from marine

resources.

5.  What kinds of methods can be used to extract potassium from seawater? What is

the mechanism?

6. What is the main difficulty in extracting lithium from seawater? What extraction

methods of lithium are there currently?

7. What kinds of absorbents can be used to obtain uranium from seawater?

8. Why do we need to desalinate seawater? Please introduce the mechanism of oper-

ation of the green desalination methods.
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